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FOREWORD

As part of Project THEMIS, the Depariment of Defense, acting through
the U. S. Afr Force Office of Scientific Research with Dr. B. A. Wolfson
as Cognizant Scientist, awarced an fintegrated appiied research program
concerned with the “Chemistry aid Mechanics of Combustion with Applica-
tion to Rocket Engine Systems" to the University of Utah. This investi-
gation in the Coilege of Engineering is under the general direction of
Professor M. L. Williams as Program Manager and was {nitiated in September
1967.

The purpose of this program, which is integrated with our academic
objectives, is to study the interdependence of combustion processes and
the physics-mechanical behavior of solid fuel materials within the context
of a rucket engine system. It 15 intended to capitalize upon a quanti-
tative understanding of molacular structure, which affects both the
combustion and mechanics behavior, and treat the propellant fuel and
assocfated inert components as a materfals system--from processing, to a
determination of the constitutive equation as needed to assess structural
integrity, and failure under various environmental and loading conditions.
Concurrently, the tasks are concerned with propellant a2 an energy source--
from ignition, through burning, gas dynamics, interaction with rozzie
and insulation compoi..nts, and consideration of electron noise and radar
attenuation in the plume. _

Six task areas are presently envisioned, each of which {s under the
direction of a Principal Investigator. Coordination of the varfous tasks
1s accomplished by reguiar meetings of the senfor investigators and
appropriate external consultants from industrial and government organiza-
tions. The six areas, not necessarily of equai emphasis, include:

1. Combustion and Transport Mechanisms
Flow and Heat Trans’er
Ablation Mechanisms ,
Radiation Attenuation and Plasma Physics
Mechanics of Solids

6. Transition to Detonation Mechanisms

External comments are solicited and direct contact with the 1nd1vidual
iavestigators is encouraged.

N B WM
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PREFACE

The establishment of a Proj: * "“7VIS piogram at the Unfversity of
Utah has, in conjunction with other associated research, permitted the
{ollege of Engineering to embark upon a consolidated and integrated series
of investigations in the general area of combustion and comhustion related
research. As a particular and immediate result of Project THEMIS, severai
specific studies, which have the molecular morphology as the common thread
affecting both the combustion and mechanical behavior, have been initiated.
While as individual components they suppliement a broader program, they
aiso comprise individual tasks and as such are being reported separately.
Thetr internal coordination and integration with the broader academic and
research program of the College is being accomplished through frequent
meetings of the senfor investigators.

A study of the combustion process is intimately associated with an
accurate knowledge of chemical kinetics, as analytically established and
experimentally verified. Many of the present observations of polymer
decomposition have been made at unrealistically low burning rates. In the
studies pianned for Task 1, measurements will be made at rates two orders
of magnitude faster than conventional ones. Preliminary experiments with
2 PBAA solid iuel shows that a pressure dependent endotherm exists in the
solid before the gaseous products are evolved, thus illustrating a reason
for our concern with the molecular chemical structure and the associated
5 kinetics. These internal processes are important aliso in Task 6, wherein
y we inquire as to the possibility of internal heating from the passage of a
: viscoelastic shock wave through the solid causing sufficient temperature
: rise to trigger ignition or detonation. This latter situation 1s an
é? interesting filustration of thermo-mechanical coupliﬁg which can exist in
‘ | 3 rate dependent material. While such responses have been calculated for
Tinear viscoelastic medfa subjected to (weak) stress waves, the equation
of state and the coupled heat and equilibrium equations are considerably
more complicated for higher rate and more intense loadings.

As a conjunction of portions ot Tasks 1 and 6 wherein the chemical
structure may affect both the combustion and the mechanical behavicer,

A e s mr s e A AT e AR AP i 4
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Task 5 seeks to pursue in greater detail the appropriate form of the
equations governing deformation of a rate sensitive solid. As a point of é 'i
departure, the joint thermo-mechanical state will be reviewed, both ’
analytically and experimentaily, with aspecial emphasis upon the non-1inear
effects introduced by geometry, such as “dewetting” of propellant binder and
oxidizer, and by the material itself, such as the large deformations which
are characteristic of rubberlike madia. Ultimately it is hoped to incor-
porate into these equations any chemfcal effects sensitive to high rate
loading input. Such inclusion would possess the incidental advantage of
providing a reference point in the event the ablation studies of Task 3
indicate strong coupling between materfals and structural integrity.
The principal objective of Task 3 is to attain metheds for controlling the
chemical kinetics of the sub-surface internal endothermic-exotheric reactions,
viith particular reference to the possibility of weight reduction in rocket
components such as nozzles.
Inasmuch as Task 3 will examine the interdependency of pyrolysis of

materials and surface chemical attack during combustion along the inter-
face between the ablating material and the flowing gas, some aspects of
this task are closely related to the aims of Task 2 which is concerned
with temperature and velocity measurements in a turbulent boundary layer
subject to mass injection and combustion. Both subsonic and supersonic gas
flow will eventually be considered in measuring heat transfer characteristics
which as already mentioned are essential to the propér design of ablating
components such as nozzles. The present experiments, which inciude injection
of air into air and nitrogen and hydrogen into afr through a porous wall,
have required the development of a temperature sensor which has worked well
unceoled in ron-combustive gas fiow. Preliminary experiments using a cooled
censor in the combustion zone have yi{elded ericouraging results.

 The last of the current tasks, Task 4, has yet to be integrated fully
into the overall program; its impact will depend upon the success of fts
exploratory study into the use of microvave technigues as a diagnostic tool
for deducing the electron temperature in the combustion chamber. The
attenuation of microwave radiation has dDeen used for many years to measure
fonization density and collision frequency in the combustion products behind
the exit plane ¢f the exhaust. The present study is directed toward achieving
similar results instde the combustion chamber. The ifnitfal results have
been encouraqing and lead us to hope that concurrent improvements in data




reduction can include analytical provision for pressure waves, non-uniform
combustion, and source-sink reactions which are occurring in the chamber.
Such deductions and proper interpretation of the electron temperature should
be of considerable value in achieving the objectives of Task 1 wherein the
chemical kinetics of combustion are being investigated. Finally, one other
. application of microwave diagnostic techniques has been tried with reason-
able initfal success. As an extension of the ultrasonic, ron-destructive
test (MDT) technique commonly used to detect internal flaws in metals, micro-
wave radiation techniques have been used to find internal voids in filled,
solid fuel materials. Ultrasonic waves are too easfly attenuated and sub-
saquent evaluation is frequently non-discriminating. At the present time,
a satisfactory microwave antenna design has been designed and used in the
pilot experiments. If the outcome from all the present test components {s
- successful, flaws as smali as one-thousandth of an inch fn size could be

. detected in typical sol{d rocket fuels. |
- While the tasks discussed here have not been completely defined, it
x . T .13 btlieved that a balance between definition and flexibility has been

maintained which is apprepriate to the time the work has been in development.
Comments are solicited from the technical community and direct communication
“with the individual senior investigators is encoursaed.
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PREFACE

Task 1, as outlined in the original proposal, was to be z studv of
gas-gas mixing gt the boundary between two fast-moving gas streams. Work
on this task was postponed for the first year of the project in order to
permit intensified effort on other tasks.

A review ¢ the project as a whole, in the Tight of an opportunity
afforded by changes in the sponsorship of related combustion orojects,
now leads us to propose replacing the task on mixing with one on polymer
decomposition mechanisms. We Took upon this change as a means tc strengthen
the project by initiating th2 investiacation of molecular mecharisms of
combustion, later expanding to the study of molecular mechanisms of
thermo-mechanical and chemico-mechanical behavior of propeilant materials.

The investigators have already reported some work on polymer decomposi-
tion (AFOSR Final Report £7-1901), and this work is still ir progress
under other sponsorship. It has been concerned almost exclusively with
measuremsnts of the thermal effects attending the rapid heating ¢f poiymers
and propeliant-1ik. materials, very limited work having been done on the
chemical aspects. The thermal approach under other sponsorship should be
completed in September 1968 and 2 combined *hermal and chemical approach
will be initiated as Task 1 under THEMIS at that time.
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4 INTRODUCTION

The several corventiorai methugs leveloped for the study of the

erma] decomposition ¢ polymeric and composite materials (DTA, TGA,

C) suffer from ihe defect that. at the sinall heating rates emplioyed,

® high-temperature decompocition mechanisss probably active in combustion
presses are not observed; the virgin waterial is consumed or altered by
w-temperature mecha "ms before the decomrnsition temperatures associated
th combustion processes are reache . Th2 work alrcady performed at this
wility has employed lheatin. rates 50 to 100 times as great as those

ed in conventiona! studies.

Briefly, the studies with PBAR polymer have revealed that, if heating
“es place ir an inert snvirenment, a pressure-dependent endotherm is
served well before a significant amount of gaseous preduct is evolved.

heating takes place in the presence of hot oxygen, or even in nitrogen
en the polymer contains twenty percent or more of ammonium perchlorate,
¢ first significant event is an 2xothierm; and it is observed welil tefore
visible flame signals ignition. The dependence of the temperatures at
ich these events orcur ¢~ heating rate, sressure, and oxygen temperature
rmits some inferences concerning mechenism but serves mainly to identify
4 partially to characterize events whuse chemistry must be studied before
aful result. can be nublished.

Stud.es now in progress define the problems which will be investigated
Task 1. The curprent study has yielded data concerning the polymer-
xgen reaction which can be used to discriminate between proposed mechanisms
* the reaction. However, since these data were ofstained under transient
ditions, cheir mechanistic interpretation must account for time-dependent
werature and concentration variations in the solid and gas phases; and
engthy and very complex data-agnalysic scheme must be developed. It is
posed to determine the polymer-oxidative-species reaction mechanism by
e#loping and applying such a scheme to the existing data and to the
ults nt agditional tes*s which muy be required. Considerable effort
1 be directed tc develop s-upling and analytical technigues that can be
d wit* methods of rapid heating of smail test specimens. Professors
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Boyd and Futrell will provide supporting talent in methods of spectrascopy,
mass spectroscopy, and polymer characterization,

In the following years of the task, it is expected that the methods
developed will be exploited ir additional reacticn-mechanism studies;
and experiments in thermo-recnanical and chemico-mechanical phenomena--sup-
porting Task 3, §, and 6--will be initiated.

3
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PREFACE

A basic objective of the Project THEMIS program, “The Chemistry
and Mechanics of Combustion with Applications to Rocket Engine Systems,"
at the University of Utah, has been the consideration of solid propellants
as an energy source and the study of the means required to convert this
energy intc reliable propuision work. Six research tasks vere undertaken
in the areas of combusticn and transport mechanisms, flow and heat trans-
fer, ablation mechanisms, radar attenuation and plasma physics, mechanics
of high solids loaded systems, and transition to detonation mechanisms.
Task 2 of this program, "Flow and Heat Transfer,” has been concerned with
the study of the turbulent boundary layer with mass injection and combus-
tion, Characteristics of hot-film sensors, both uncooled and cooled,
have been examined, with the result that these sensors may be used as
reliabie diagnostic tools in reasonably high temperature environments.

in the area of solid-propeilant rocket design, the results of this
program should aid in the understanding of the behavior of abiator
response to the combustion gas environment for solid propellant recket
nozzles ana i-swiators, and should provide information concerning
gas~gas phase m. ‘.1 and combustion processes which would aid in the
understanding of prop-llant ignition and combustion phenomenon.

Several aspects of this research are directly comparable to situations
occurring in solid propellait rocket systems presently being developed.
For example, the injectants used in Task 2, up to this point, have been air
into air, and various mixtures of hydrogen and nitrogen into an air
turbulent beundary layer. Mixtures of comparable compositions, i.e.,
1ight gas with heavy gas (Hz with CO) occur in the combustion products of
the Poseidon Stage One and Poseidon Stage Two rocket motors. Hence, the
results of Task 2 concerning the turbulent mixing and transport charac-
teristics for boundary layer injectfon should be applicable in the
evaluation of the heat transfer occurring in present day solid propeilant
rocket motors.

[N -




Buring tnis past year, the supersonic combustion simulation facility
has teen completed. This facility provides the capability for simulating
combustor inlet conditions for air-breathing systems operating in the
Mach number range of from five *0 twelve, with an upper altitude 1imita-
tion of 130,000 ft. It is anticipated that the information and capability
obtatned from the use of the subsonic combustion wind tunnel will be
directly appliicable in *he supersonic combustion facility.

The use of the water-cooled hot-film sensor wili be extended to the
supersonic wind tunnel. 3ecause of the increased ruggedness c¢f the
hot-film sensor, 1t is anticipated that the hot-film probe will yield
turbulent mixing and combustion data in the supersonic range, which are
normally very difficult to obtain.

The specific results obtained under Task 2 of Project THCWIS for the
period 1 September 1967 to 37 August 1968 will be presented under three
separate sections. These sections, with a brief summary for each, are
as follows:

Subsonic Turbulent Boundary Layer with Heat and Mass Transfer

Studies of the subsonic turbulent boundary layer with both mass and
heat transfer from a porous surface have been completed. Results indicate
that a temperature inner law and a temperature defect law may be written
which describes the resultant temperature distribution across the thermal:
boundary layer. The temperature inner law and the temperature defect law
are expressions from which the local temperature in the boundary layer at
a given distance from the surface may be determined, given the surface
skin-friction coefficient, the surface heat transfer, and the mass-injec-
tion velecity at the wal1}9’ 10) Presence of the heated porous surface
causes & significant increase in longitudinal turbulent velocity fluctua-
tion 1ntensity. These results were obtained using hot-film sensors.

Studies of the effect of variable composition on the response of hot-
film sensors in an isothermal turbulent doundary layer have also been
completed. Mixtures of hydrogen and nitrogen were injected across the
porous plate into the subsonic turbulent boundary layer. The mixture
corpositions were varied from pure hydrogen to pure nitrogen. Concentra-
tion, dynamic pressure, and hot film power dissipation profiles were

1 A A . o bl T Y
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obtained across the boundary layer. The power dissipation profiles were
obtained with constant temperature hot-fiim sensors and the results
indicate that a significant increase in heat flux {s producad when the
environment consists of a mixture of hydrogen and air or hydrogen and
nitrogen. Variable composition was found to significantly increase the
longitudinal turbulent velocity fluctuation intensity. _

A technique was developed where the threze profiles discussed above
were utilized in determining the velocity profile across the beo.undary
layer. The turbulent shear stress and eddy viscosity distribeiion were
then obtained from the results.

Subsonic Turbulent Boundary lLayer with Injection 21d Combustion

Preliminary profiles of temperature, dynamic pressure, and heat flux
to a cooled probe have been obtained through the flame zone of a turbulent
boundary layer with hydrogen transpiration and combustion. These resuits
indicate that the cooled probe may be used in the flame zone for the
acquisition of turbulent mixing and combustion data. An intensive effort
is underway to obtain detailed profiles of temperature, dynamic pressure,
static prassure, concentration, and sensor heat flux across the turbuient
boundary layar and through the flame zone.

Supersonic Combustion Boundary-Layer Facility

A supersonic boundary layer channel with an open jet section has
been installed and is undergoing calibration. The tunnel plenum and
mixing chamber has been designed for a total pressure of 200 psi and a
steady flow temperature of 2500%F. Yhe Mach 2.5 and 3.0 water-ccoled
nozzle blocks are rated at a steady-state operating tesperature of 1500°F
with the capab!lity of withstanding much higher temperatures for short
pertods of time. [t fs anticipated that the porous-wall iest section and
injection manifolc will be fabricated and installed during this coming yeer.
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1.0 INTRODUCTION

During the past decade, solid propellant rocket motor technology has
reached a high level of capability for designing and developing operational
solid propellant rocket systems. This capability has been achieved
primarily through an extensive motor components testing program, wherein
many major tests have been conducted to prove each design concept. As a
result of this testing, empirical correlations of motor performance and
nozzle thermal protection performance have been achieved. However, these
correlations have been largely restricted to the type of propellant and
type of nozzle insulating material for which they were developed and have
not been readily extended tc new propellant formulations and new nozzle
insulating materials.

So1id-propellant rocket motor performance and nozzle structural
integrity can be adequately predicted only if the surface erosion rate and
the therual penetration rates can be accurately evaluated. A fundamental
requirement for the evaluation of these rates is an understanding of the
heat flux from the hot, usually turbulent, boundary layer to the ablating
surface. Task 2 of Project THEMIS is an experimental and theoretical
program of research directed toward clarifying some of the basic mechanisms
occurring in the turbulent boundary layer with heat transfer and mass
injection. One of the basic problems remaining to be solved in rocket
noztie heat transfer analysis is the description of the turbulent trans-
port properties in the turbulent boundary layer occurring on the noszle
surface. I

Another area of major interest in propulsion develcoment, and of
interest to Task 2 of Project THENIS, fs the rapidly expanding field of
hypersonic flight in the earth's atmosphere. In fact, in recent years

~ the literature on hypersonic flight in the Mach 6 to 12 range has considersd
a large variety of missions and vehicle configurations which have
included some scheme for employing air-breathing propulsion with afr-
augmentation of rocket motors or utiitzation of supersonic combustion in
a basic ramjet cycle, commonly classified as a scramjet. However, Nenry(‘)
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' has racently pointed out that sc.c of the assumptions on which these stucies
- are based have not been substantiated through experimental results. One of
- the mit problems which remains to be explored s the matter of how to

1njm the ‘fuel to obtain uniforw distribution without significant thrust
penﬂtm and undue flow disturbances. Another major problew is that of
ignition when the range of operation of the supersonic combustor extends
toward the low flight Mach number regime.

‘To gain further insight into solutions for these problems in both
soiid-propellant rocket technology and supersonic combustion, 2 means must
be developed by which local flow characteristics such as velocity, temper-
ature, concentration, and turbulent transport properties may be obtained.
Recently developed constant tesperature anemometry equipment with cooled
film sensors may be suitable for obtavning such information. It has been
the objective of Task 2 to pursue the study of (1) uncooled hot film
sensors in turbulent boundary layers with mass transfer, and (2) cocled
film sensors in combustion zones of turbulent boundary layers with hydrogen
injection. It is anticipated that the use of the cocled probe will be
extended to supersonic combustion pheromena. | | |

The results of this program will be two-fold: FTirst, the charscter-
istics of a subsonic turbulent boundary layer with mass transfer, heat
trarsfer, and combustion will be better understood. Second, the 'c‘ipabﬂ-
ities of the hot film sensor, both uncooled and cooled will be better
understood. In fact, the uncooled hot f{lm sensor has been shown to be a
reliable means fc - obaining infarmation concerning turbulent Fiow
quantities in low tesperature environments. In addition, methods have
been develnped for utilizing the uncooled hot film sensor ir a region of
varying mncef.tntian of a turbulent boundavy layer to ob aln smany of the
characteristics of the boundary layer. _

These results will be reviewed with a discussion of the preliminary

‘results obtained with the cocled probe in the combustion zone.

Finally the present status of the supersonic facility will be
nvimd
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2.0 SUBSORIC TURBULENT BOUNDARY LAYER WITH HEAT AND MASS TRANSFER

2.1 Tranepired Turbulent Bowndary lLayer with Heat Transfer
While the first phase of this project was underway prior to the
fnitiatfon of Project THENMIS, 1ts foundation is pertinent to our present

program. This research was conducted by S. J. AlSaji and has been re-
ported in detail in his dissertation. (2 Several aspects of his results
will be disiussed.

- The purpose of his project was to study the effocts of transpiration
and heat transfer on a turbulent boundary layer upon a flat plate.
Particular attention was devoted to (1} development of a universal temper-
ature fnner lay and a temperature defect law and (2) developmer: of a
mathematical mudel and 2pproximate analytical solution for the Spalding
function nﬂatim; the surface heat f*an;fer to the $k1n friction with
mass transfer.

The tawperature inner Taw arﬁ the t;ezperature defect law are expres-
sions from which the Yocal static temperature in the turbulent boundary
layer may be determined for a particular distance from the surface. For
mass injection into the boundary layer, the blowing velocity must be
known in additfon to the surface skin-friction. The develosment of these
Taws, and corroborating dats, wi will be presented iu this secnéﬁ

‘"he o rode] was the turbulent boundary layer cn a semi- 1af1n‘!te.
smagth, poroys flat pizte femersad in a wiforn stream of fluid. This

flow was 3im§¥a§e§ on the top wall 5% the subsonic combustion wind twnel

in the Thermal Sciance Laboratory of the Depsriment of Mechanical
Englomering. Alr was &@éﬁ‘h&h- as the flutd in the mafrstreas and as the
fluld fnjected through the porous wall. The malsastresm velocity was kept
constant at 25 feet per second, and the rate of transpiration was alsn
kept constynt ilang the axfal distance.

- Feasuresents wers wade within the soundary layer at several stations
glnng' fts axial !angth.’ The medn velocity prufiles were msasured by use

- of pitet tubes aad with hot-film sensors. The long{tudinal turdulent

{ntensity wos also measured by means of the hot-film techniqusz. Mean-
tewperature profiles were obtained by use of a smll-bead therwistor.

t-3
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- The data on the untranspired turbulent boundary layer were used to
determine the nature of the flow in the tunnel and to proviuc a basis of

comparison for the transpirec data. A universal iaw of the wall and a

universal velocity-defect law were obtained for the nontranspired case.
1t was concluded that the boundary layer was two-dimensional.

The mean-velocity profiles for the isothermal transpired boundary
layer and the transpired boundary layer with heat transfer were correlated
in the form of Stevenson's law of the wa]],(3’ 4) and the modified
velocity-defect lau.(s' 6)

The mean-temp. -ature profiles for the transpired turbulent boundary

: laj'er were correlated in the form of a temperature inner law,(” and a

temperature defect 1au.-(8) These results have been submitted for publica-

kY
tiw.(g' 10)

2.2 Temperature Inmer Law for Turbulent Bourndary Lavers with Transpiration
The mean-terperature profile of the untranspired turbuleat air
boundary layer on & flat plate is expressed by a temperature inner law,

vﬂiicﬁ, for a moderate temperature difference, 17:

~ = == = constant {n
4 9,
: ‘ ah“re 1 is the local she*r stress, g 1s the iscal heat flux in the normal
“direction, and the subscript w denoles these guantities evaluated at the
i,
in the innar-law region for untranspired turbulent boundary layers,
wixing length Tzheoriesgu‘g) indicate that the mean temperatuyre profile
ts car‘n‘eh.taé as ' '
& + o
i =Ryt E <
% o 4. (T' ST e
where v . o C_ﬁ a, ‘33
U« = _T;'..J_ ~ “‘ ‘_ ‘ ig) _"‘
) 5 _ -
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v = /o, (6)

and y is the distance normal to the surface. Ke shall show that a temper-
ature inner law for turbulent boundary layers with mass transfer and
surface heat transfer may be developed which reduces to Equation (2) as
a special case and which is predicted from experimental results.

The energy cquation for the turbulent incompressible boundary layer
on a flat plate may be written as

pc, (Us— + v £ = - £ (g), (7

where
Q= -lk* k) S (8)

However, in the inner reginn of the boundary layer, where the turbulent
thermal conductivity kt is much larger than the molecular th-/mal
corductivity k, Equation (8) may be written

BT ' ’
“Keay ?

Therefore, Equation (1) for the inner region yields

ot n A (e
t = .,i,_ . =
TP i
and Pr_ is the turbylent Prandt] number.
Touation {10) may thus be written as i
Pr R
a _f r‘l! du {12) 1
dy S e & |
b-5
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= Prandtl mixing-length concepts, the turbulent shear siress may
ten as

ceo BT, (13)

in the inner region of the turbulent boundary layer. ihe shear
Is given by

]|
TE 5y {14}

tion of these results yields an expression for the turbuleat
condurtivicy in the form

I ST NI I (15)
kt P Prt L= | ay !
ay Equation (12), the heat flux MayY be written
S &y - (16)
q Pro® Q. 3y

troducing Prandti's proposed relationship for the mixing length,

&

} i = KY, :]7)
§s the mixing-length constant, yields
2
<
. . 2 | aT .

r Couette-flow boundary-layer approximations, which are applicable
case, the 2nergv equation may be written as
am . d :
0 Cp v dy —Hy (q) . (19}
ition of o from Equation (18) vields
q(T, - T ¢ Ty g p AT, - T)

Iy f{.p ¥ m-a-.-'yw-—"“ =p (——-‘)K yz (———-a*-*w-) (20‘
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After integration and rearrangament, Equaticn {(20) becomes

3 + . Q(Tw -~ T)
-y 't q“ 1
| 2 Xy 1.7 6y !
g ¥ W !
L P ¥ J

whare Ci 13 & constant of integration,
Integrating sgain and resrranging yieilds the resuits

3 5 < )
gy oy f(pp“‘z = -i‘fw (T, - T -G T* + ¢, {22)

where C2 is & constant of integration.
Since the shear stress at any point ¥n the boundary layer is given
by
T = 'tw = pwku ) {23)
we may write, from Equations (23) and (3}

-0, %0,V & T, - T, (24)

If Equations {24) and (16) are valid at the sawe time, then ¢ = - F"“E

and Eguation (22) can be written as
iny =2-— [(p‘gz'—)"‘?”“ﬂ“""""z] +C,. (25
X v, P Q) U W Pre 2. | )

With u defined as (rwl'p)g’, Equation (25} becomes

my = 2= (g—) |- +1 +C,, 26

K Yy ProC U q,, 2 {26)
Cefining the non~dimensionalized temperature as

t" 2 (T - T) oe (27)

pqw ’




i,

i} R S JIC IR -
¥ iny b\',vw??;; LM‘{T T + i; i«,: + ’62 + 2“'?”},%) (28)

1f the turbulent Prandtt mmsber, Pr., i3 assumad to be unfty,'iken
Equation (28) becomss

Bl

R
S S B

uﬂr
2.

e

g'iﬁq

-13 =ty e (29)
w T K
which is the temperature-inner-law aquation for the transpired turbulent
boundary layer. This reduces to the non-transpiring temperature inner
law for the case when Vg * Q. It should be noted that this expression
applies with Couette -flow approximations, where the pressure gradient is
zero in the axial direction, the untranspired turbulent boundary layer is
in equilibrium, and the convective energy term, pcp u 3T/ax 1s neglected .
The local skin friction coefficient was obtained from the experimental
results correlated in the form of the velocity law of the wall for trans-
piration, while the local wall heat fiux was obtained from an energy
balance across the injection hoods. With these parameters experimentally
determined, the temperature data were piotted as a function of the reduced
temperature t+ and injection velocity Vig? for the corresponding non-
dimensionalized distance, y+ =y uT/u, for three values of the injection
parameter, F = °wvw/°eue‘ These are shown in Figures 1, 2, and 3. HNote
that the turbulent Prandtl number has been set to unity. These results
indicate that the temperature inner-law correlation may be obtained in the

form

2
Lo +'—~ t'Y% -17 versus y.
The figures also 1mp1y the universaiity of the temperature inner law for
different x positions and for various transpiration rates. The logarithmic
portions of Figures 1, 2, and 3 yield the value of 0.464 for the constant
K and a value of -6.20 for the value of D.
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2.3 Temperatur: Defect Law for the Turbulen. Boimdary

Layer with Tranmgpir~t-on

An expression is presented for the mean temperature distribution 1in
the outer region of turbulent boundary layers with iniection of heated
gas through a porous wall. The equation presented shows agreement with
experimental results obtained with heated air injected across 2 porous
plate into a subsonic air turbulent boundary layer.

The equation for the temperature distribution through the inner
region of a turbulent boundary layer with transpiration and heat transfer

derived from mixing-length theory, may be written as(z’ 9)
u v yu
e [0+ 297 217 < d =t +0 (1)
w T

where K is the von Karman constant in the mixing-length theory and D is,
in general, a function of V' Yoo and Prt. Vi is the blowing velocity

| 9
normal to the porous surface, u_ = (rw/ow)2 is the friction velocity

at the wall, and t* = 0 cu /qw(Tw - T) is a non-dimensionalized temperature.

WDt
Prt is the turbulent Prandtl number.

For a turbulent boundary layer over an impermeable surface with zero

pressure gradient and with heat transfer, Johnk and Hanratty(7) and

Brundrett and 8urroughs(8) postulate for the inner region & relationship

of the form

yu
t*zkm——\f—w, (2)

in addition, Johnk and Hanratty(7) indicate that a rel~tionship cf the form

ty -t = fly/s) (3)

where t.‘+ s t+ evaluated &t'the free-stream tesperature, myy be applicable
gver the outer region of the boundary layer. Hence, 1f any overlap exists
between the inner and outer regions of the boundiry layer, the arguments
of Mi??ikan(ll) would indicate that the equation for the mean temperature
distribution in the inner and outer regions of the turbulent boundary layer

with heat transfer (but without transpiration) should be of the form
yu
e An (e ely/sy) (4)

b-12
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where o(v/¢&,) is a universal function, having the constant value #(0)
throughout the inner region.
It fcllows tha¢

yu
e e (50 4 e() - o) = flyse,) (5)
v 8 t

1s the temperature defect law in the outer region of the boundary layer,
whereas

&« A (55 + e(0) (6)

is the law of the walil for the temperature distribution through the inner
region.

In the case with injection into the boundary layer with a heated wall,
these relationships must be modified to take into account the heat
transfer due to the finite transpiration velocity at the wa'l. When the
external pressure gradient is zero, the temperature inner-jaw with injection
is

+

2u vt yu
P [0 -0mAmst vs )
W b

The equation for both the inner and outer regions may now be writtan as

+
2u v t yu
T "~ L }ﬁ - = —t \
IX cir + i, ) -1 = A +@(gf—) (8)

where B of Equation (7) is equal to ¢(0).
It follows that

+

2 t .
B0 X e () e e o)
Y ét t

u vt
rTv" L+ : T
tw 1

{9)
= Flysey)

This expression may be described as a "modified temperature defect-law with
injection and zero pressure gradient."

b~13
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Stevenson'>® 6) plots the vunction

" v ¥
ety ¥ e gt w) ¥ Fy/s,) (70)

against (y/stg)for various values of x for the case of injection on an

axisymmeiric surface and for a flat plate and shows that for the veiocity

field, F(y/sto) is a unfversal function. Stevenson defined the term
§, as the value of y at which the left-hand side of Equation (10) is
equal to unity.

Following this procedure we shall define stbfor Prt = ] as the
value of y at which

2u vt" vt*

1 W'l K w
v LO M - 1+ o Rl B n
w T T

A comparison with experimental results will now be presented. It can
seen from Equation (9) that the results should fall onto one curve when

the term

+ +
2u v t v t
R L R (12)
w T 1

is plotted against y/5t . Figures 4§ and § present results obtained from
the experiments repor’teg by A}Saji.(‘?} These results collectively imply
that F‘(}'/ét) is a universal functior at least for constant Pr,.
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Figure 4. Experimental temperature defect for the turbulent beundary layer

wWith trenspiraticn and heat transfer. 7, = 536 R. F = o v /zu..
[étﬁ is the value of v at which F(Y/ét) 2 v
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2.4 Effects of Wall T merature om Lovgtituiinal Turbulent Iwtenmsity

The lenyitudinai turbulent intensity for the transpired turbulont
bounda.y layer with heat addition was czlculated from the single hot-film
constant -temperature anemometer data. These cesults are prasented in
detail in reference (2). Comparison of the parameter ,J?% / U versus y
/ 5 when the wall was hexted wit.. the recults for the unheated wall, for
the same transpiration rate, shows that heat addition certainly increases
the longitudinal intensity. For a transpiration rate of
F={o v, /oqu;) = 6.26 x 1073, an increase of 12.5% at the wall is indjcated
while the effect diminishes as y/6 approaches 0.50. The thermal Loundary
Tayer extends out to approximately y/é of 0.50.

The data for the transpired turbulent boundary layer with heat
addition clearly indicate that the increase in the lgngitudinal turbulent
intensity is dependent on both the blowing rate, (ngwfozu]), and the
temperature difference, Tw - T. 1t should be mentioned that heat addition
will decrease the dencity at the wall, o which, in turn, causes an
increase in the transpiration velocity at the wall, v.. This result would
seem to cast doubt on the results of recent studies(1 ) which attribute
increased turbulent levels near the wall in burning boundary lavers to the
combustion process itsalif.

3.3 g SEE ¢ AR A [ vy s i Tieyakvrs Fatyr 4
2.5 Behauicor of Hot-Film Sensore in the Twrbulent Boundary
e

.y
v

Luayer with igothes

s Dgestion

The hot-wire as momcter and the more recer®ly develnped hut-film
sensor have become important tools in measuring both moan values and
fluctuetions of various phenomena in fluids. Many of the limitations of
anemometry methods are well-known, but many are 2iso overiooked, whether
known or unknown. One of the latter is the difficulfs of obtaining data
by which the experimer':or may distinguish among the various factors
r ffecting the probe: velocity, temperature, and composition. Measure-
rents in an isotherma] boundary layer composed only of air are straight-
forward. However, 1€ concentration variztions are significant across
the boundary layer, the sensor behavior is more complex.

The purpose of this phase of the program which was conducted by T. H.
Smith(3ﬁ) and supported in part by Project THEMIS, was (o determine the
sensor response to simultaneous variations of velocity and concentration.
turbulent boundary laver with foreign-gas injection provided an excellent
b-17
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ent for the studies, since a great number of differing concentrations
he boundary laver were readily available. Hydrogen-nitrogen mix-
re chusen as tie irjectants, with concentrations ranging Trom pure

to -ure nitrogen. This choice was made because of an unusual

' of hvdrogen-nitrogen or hydrogen-air mixtures.
) Y

Tor thesa miy-

here is a very sharo minimer in the mixture moiecular Przadtd

t intermediate concentrations.

- hot-film sensor was treated as a minia:ure heated cylinder.

asfer from the cylinder in the esvironment described above was

ated.

revious Work

re appears to have been no divertiy applicable work done previcusly

specific subject. However, the foreign-gas injected turbulent

layer has been investigated by many workers

Hot-wire

. . . . {20
was treated extensively in s theoretical paper by Corrsin.’

contributions toward combating oroblems of anemometry are alsc

il 22, 23, <4
¢z in the present unifying study.

hechy of Het-Film Scasor Behavior

behavior of the hot-film sensor, a smail ceramic cylinder coated

Each of these investigations was of

¢ and platinum and a protective quartz film, was investigated

¢z21ly. The results are directly appiicable to constant-temperature
sy tvstems with associated linearizers.
age siwnal from the anemometer twice, giving a velocitv-velated

implified analysis for ar isothermal air environmen® was presented,
ng's equation for the heat transfer law:

P = power dissipated trom sensor
U = velocity
TS = sensor operating temperature
re = environment temperature

A, B =

sensor geometry

b-18

constants related to fluid properties and

The linearizer squares

(1)
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ang the bars dencte fTime-averaged juantities.
Tt was verified that for this case

mo_ e (2)
N T
where m' = root-mean-squave of linearizer fiuctuations 'f
M = time-averaged linearizer output 2
u' = roct-mean-square velocity fluctuation i
! The mean response of the senzor in an environment with velocity and .
f : cencentration fluctuations was derived using i
: ‘ aa Y
e = 0.42 pr0-20 4 .57 ppl33 pe 0-50 (3
; § for tihe basic heat transfer relationship, where ¢
m Pr = Prandt] rumber = u C/K | .
: Nu = Musselt number = hd/K §
§ ' Re = Rayrolds number = plid/y ;
: d = sensor diameter \
§ g The following expression was shown to express the sensor power dissipation: i
' *E"b-?a . L ltu, g o) (6. +T aC )10'20
o = s , = 0.42n2[Ka + F(T)s K1 {'"a ' pa P’
? : 712;'+ Ry + Rxﬁji o ﬁe [ (Ka + f{rja K} J |
! {
?‘ - ""\ ~y [ g pung 0-33 %
0.572 [K, + £ (T)A KJ |(u, +g (TF)aw) (C,_+TaC) L
* R : R Ty e ;
- * N a | ;
(g +Tao)d O30 0.50 %
, e ) (4) s
\ ug + 9 (T)aw :
N {
: where . ;
Eb = time-averaged bridye voltage :
1
| RS = sensor operating resistance !
| R3 = internal anemometer resistance in bridge leg i
§ Rxc” resistance of externai circuitry except sensor
f and the rest of the notation is as in Corrsin. (20)
| .
: b-19
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The fluctuating response of the sensor was shown to be

| - =5 [F !
rr........._.. r‘ ‘E ﬁ\f&f{ﬂg_&+wr B;‘}U (_A;E_.;'ﬁEE)*_Y_
8, JU /& X 5ot F
%rf“s }—ﬁli
L7 5] ms (5)

-

where A1 and B] are constants related to fluid properties and the rms
signifies the ront-mean-square of the expression in the braces. It is
seen that two new terms arise due to the concentration fluctuations,
y' and the cross term vyu.

It has been shown that Equation (5) reduces to the simple Eguation
{2) for an 2ir-only boundary-layer environment.

2.5.3 Apparatus and Procedure

The subsonic wind tunnel of the Thermai Science Laboratary, with the
7" % 7" x B' test section was used for these studies. Two 12" x 6"
poraus'plates formed part of the test section top wall. Various gases
were injected through the plates into the boundary layer. Hoods erected
over the plates insured even distribution of the injectant. The free

- stream velocity was 25 ft/sec, and the temperature was approximately am-

bient.

Six different injectant cases were studied. The injectants, symbolic
desigrations, and injection rates F = (OV)N/(DU)S,WQFE as follows:

IMJECTANT DESIGHATION RATE F
none Z- 0 .
air A- 6.4 x 107

hydrogen K- 3.5 x 107

nitrogen N- 6.2 x 1073

. hydrogen (2.2% by mass) NH- 5.8 x 10°3
3 in nitrogen

hydrogen (7.0% by mass) NH-. 4.3 x 1073
in nitrogen

For each case, several basic quantities were measured at 22 points through

the boundary layer at a given point 68" downstream from the initiation of

: the turbulent houndary layer. Dynamic pressure was measured with a Pitot

probe and micromanometer, and the temperature with a thermocouple bead
b-20
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and potentiometer (to verify thermal equilibrium and uniform temperature
acrgss the boundary layer). Concentration samples were extracted and
analyzed using a gas chromatograph. The power dissipation from the hot-
film probe was measured and the linearizer indications c¢f velocity and
turbulience level (neither of which accounts for concentration effects) were
obtained. A true rms voltmeter was used {0 obtain the turbulence level
from the linearizer output.

2.5.4 Results
The data were reduced using the University of Utah Univac 1108

digital computer facilities. Profiles of velocity, concentration, power
dissipation, and linearizer output mean-vaiue and fluctuation intensity
were determined. Thermal conductivity and viscosity of the gas mixture at
each location in the boundary layer were calculated, together with the
constant pressure specific heat. The behavior of the molecular Prandt]

number acioss the boundary layer is presented in Figure 6. Power dissipation

and sensor loss correction profiles gave Nusselt number, Nu, profiles. The
experimental values of the Nusselt number were compared with those pre-
dicted by Equation (3}, with very good agreement being found. A Gaussian
least-squares curve-fitting of the Nusselt number 2xpression

Nu = f(Re, Pr) (6)

in the form
¢, ¢

Nu=c, Re 2Pr°, (7)
yielded the expression

Nu = 1.000 Re°‘3;5 p0-387 (8)
compared with the literature va1ue('f) of

Nu = 0.9031 ReD: 385 pr0-31 (9)

The experimenta® power dissipation profiles were compared ,.ith those
predicted by an equation baced on Equation (4), again with good agreement.
Finally, the e.perimental velocity profiles were found t2 compare favorably
with those predicted using power dissipation profiles and Equations (3) or
(4).

The profiles of dimensionless Tinearizer output,M/M=,{analogous to
velocity when no concentration effacts are present) and power dissipation,
P/P=,showed a dramatic effect of concentration at distances less than 0.4
inches from the wali. (sec Figures 7 and 8} An investigator ignoring the

b-21
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effects of concentration on the sensor hehavior and, therefore, upon
1inearizer output :2uld be led to gross errors in his velecity profiles,
whereas Equations (3) and {4) and the velocity profiie prediction mention-
ed earlier lead to véry good agreement with the true velocities.

Figures 9 and 10 show the concentration effects upon the turbulence
levels m'/M= and m'/M, respectively, indicated by the iinearizer and an
rms voltmeter. It is seen that although case H- has by far the Towest
injection rate (from which one might suppose it to show the lowest
turbulance readings), it generally has the highest indicated turbulence
intensities for y <0.3 inch. This is in qualitative agreement with
Equatior. (58) which indicates the effect of concentration fluctuations
upon the turbulence intensit, m'/M=,

The conclusion may thus be drawn from the experimental evidence of
this section and the accompanying theory that an investigator ignoring
concentration effects upon the sensor would make errors i3 the velocity
and turbulence intensity profiles of such magnitudes as to seriously
affect the validity of his resuits. The errors are significant even for
as little as 2.2% by weight o hydrogen in the injectant. This conclusion
suggests that further consideration be given the data of Wooldridge and
(19) in which concentration effects were ignored fer 4% by weight
hydrogen mixtures with nitrogen.

It has also been shown that the hot-film sensor may be used to obtain
power dissipation measurements which, when used with Equations (3) or (4)
and concentration profiles, obviate the need for time-consuming dynamic-
pressure measurements except as an additional check on the data.

Muzzy

2.6 A New Turbulent Frandtl Number Determination Method for
Injected, Variable-Property Flow

The need for additional data clarifying the behavior of the turbulent
Prandt] number across the boundar{ layer has been mentioned by Kestin and

Richardscn(zs) and by Spa]dingﬁj‘ The turbulent Prandtl number may be
defined as LT .
Pro(y) = Coly) ey(¥)/ey(y) 5 (10)
b-25
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eyly) = eddy viscosit:

eylyi = eddy conductivity

In Equation {1G) 2 and gy are turbtiient counterparts of *the molecular
viseosity and thermal conductivity, vespectively. They are functions
not only of the fluid properties bit 2iso of the flow charecteristics. X-
wire probes are usually employed to measure these quantities, but this
method is compliex and may be inaccurate, especially near the wali.(24)

An aiternate method has been devised through integration of *' Cpiece
turbulent equations of continuity, momentum, and energy. The metvod re-
gulres only mean velocity ard temperature profiles, is sppiicenie i3

variable property fluids, and includes ti» injection of air nr SFf forsion gezes.

Mean concentration profiies are required with foreign-sas injectisn. A
computer program has been written which evaiustes the wvelocily cumponent
géfwendicular to the wall, the turbulent shear siress, the turhuleni

heat twansfer, the eddy viscosity and conductivity, and fhe turbulent
Prandt) ﬁumber‘ all as a function ot the distance From tae wall. Uata

of A15531‘2) far air injectior with a heated wall wrre vioed 310 input fo
1ha comouter prﬁgram, and good results were obtained, (ses Figures 11 and

2.7 4 Bev Mgthod for Determiving Skin Fiietion in the Dwbule~r

Bovoudary Layer with Foreign-Gas Isjection

termination of the skin-friction coeffizitent im the forsign-gas-

-injﬁcted boundary layer is quite difficult. Extranuiation of velocity

prﬁfiivﬁ to the wall gives poor accuracy, as does the use oF the somentur-
iategral methed.
4 new method has bdeen devised,based s the anessponding appreach of

. { e e . .
Stevenson 3) for atr ‘njection. Stevenson's met®id was based on the "law
of the weli” equation tor the inner region in which the skin friction appears
implicitly. The present method is based on & corraspunding inner law for

the foreign-gas-injected boundary layer derived from :ne theariEf_c{
Spalding, Auslander, and Sgndaram(17 and of Rubesin and ?apaég,"é' The

solution has been written in a computer program which may be used for any
case in which the injectant is lighter than air. 7:he sethed ot splution
has also been pointed out for the heavier-than-air cass.j

0-28 ‘
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Cigurs Turbulent Prandtl number profiles through the boundary layer. s
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Curves of the quantity U/U= as a function of 10§}0 ;!Uw/vw for different
valyes of Ce at 9 specified injection rates have been plotted {Figure 13)
for hydrogen injection. The subscript w denotes the value at the wall,
To use the graphs, one plots a few experimental values of U/U» versus
1og10 wa/vw on the chart corresponding to the sxperimental flow rates;
interpolation between two graphs may Le necessary. The points fall between
two of the c. curves, whereuron interpolation gives the estimated s%in-
friction ¢ %ficient. Values of the skin-friction coefficient, Ces for
the case of nitrogen injection have been computed and compared with

the values determined by other methods. Good agreement was achieved.

The method described may also be used to find aoproximate skin-friction
coefficient values for cases in which the injectant is a gas mixture.

b-31
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3.0 SUBSONIC TURBULENT BOUNDARY LAYER WITH INJECTION AND COMBUSTION

Turbulent boundary layer-combustion studies have been initiated in
the Thermal Science Laboratory subsonic combustion wind tunnel. The goals
of these studies are first; to determine the response characteristics of
an internally cooled hot-film sensor in the combusting turbulent boundary
layer and second; to study the characteristics of the boundarv Tayer
itself. In studying the prcbe, consideration will be given to its appli-
cation in determining both mean flow quantities {velocity, temperature
and composition) and the character of turbulent fluctuations about the
mean values in terms of magnitude and spectral distribution. This program
is being carried out by J. W. Jones, as his doctoral research project.

3.1 Equipment

The cooled probe presentiy in use is a Thermo-Systems model HF-52
modified to a boundary-laver configuration. Additionally, a multiple
probe for measuring temperature, dynamic and static pressure and for
drawing sampi=s to determine composition has been designed and will soon
be constructed. This probe will allow simultaneous measurements to be
made in the same horizontal and vertical plane. To date, individual
probes have been used to measure temperature and dynamic pressure.

The subsonic combustion wind tunnel and associated mass injection
equipment .sed is that which has been described in the previcus sections
of this report.

For data acquisition and analysis a Thermo-Systems series 1050 constant
temperature anemometer with power supply, signal conditioner, linearizer,
temperature switching circuit and correlator are being used. The outputs
of the cooled probz-anemometer system are simultaneously recorded on a
Honeyweil 7600 magnetic tape recorder and displayed on a Hewlett-Packard
Model 3400 A true rms volt meter. The anemometer system performance is
monitored on a Tektronix Model 551 dual-beam oscilloscope. Mean quantity
values are read out on a Honeywell Mcdel 333 digital volt meter. The
spectral distribution of turbulent fluctuations is analyzed by means of a
General Radio tvpe 1800A ware analyzer. All pressure measurements are

b-33




made with & Miriam Instrumant micromanometer.

3.2 Test Proocedure

To take best advantage of previous work accomplished at cur facility
(A?Saji(Z) and Sm%thfaa & tunnel free-stream speed of 25 fps is used. The
injected nitrogen-hydrogen mixtures give F values on the order of those
used in the non-combustion foreign gas injection studies reported in the
previous sectisns,

Testing procedures are as follows. The instrumentation reference
values and calibrations are checked. The tunnel is started and the
flow velocity established. The injec*ion is started and the
nitrogen and hydrogen flow rates established. The injected mixture is
then ignited in the tunnel. Once initiated, the combustion in the boundary
layer over the porous plates is self-sustaining, The tunnel is
alloved to run until the plates reach thermal equilibrium. This is
getermined by monitoring the output of thermocouples imbedded in the porous
plates. It should be noted here that there is a considerable temperature
gradient axially along the first plate. However, temperatures along
the second plate are relatively constant (+ 30°F). 411 boundary-laver
urofile measurements are obtained at a point midway in the secend plate.
(see Figure 14). The y-distances are measured from the plate surface, the
x-distance from the point of initiation of the turbuient boundary-layer
and all the present profiles are on the lateral centerline of the test
secticn,

3.3 Teat Resulte

To date all tests have been run at U=~ = 25 fps. Preliminary tests
have been conducted to determine the injectant rates and composition which
will provide a combustible mixture. It was found that if combusticn was
initiated with the free-stream velocity decreased to about U=~ = 14 fps
and gradually increased to the test U» = 25 fps a mixture with -2% by mass
hydrogen with F = 8.24 . 10”3 would give seif-sustaining combustion. Most
tests to date have been run with ~ 3% by mass hydrogen mixture with
F=11.9 x 1073, Future tests will extend the range of mixtures used in
both composition and injection rate.

The cooled probe has been used with both water and nitrogen employed

b-34
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&s a coolant. The nitrogen coolant gives greater sensitivity but cannot
be used in high temperature regimes in the present probe. On the other
hand, the cooling capacity of the water is such that the probe may be

used through the combustion zone. However, with water cocling, the
present probe is not sensitive to a change of velocity at the low

(Uo = 25 fps) velecities presentlv being used. This does have an advant-
age for the present in that it eliminates one variable in interpreting the
probe output. Temperature fluctuations are sufficiently strong that

the water-cooled probe has very adequate sersitivity in a

combustion environment. Other possible cooling fluids are being considered.

Examples of probe output are shown in Figure 15. As the rate of energy
received by the sensor (or given up by it, depending on the relationship
of the probe surface temperature to the environment temperature) is
dependent on local concentration as well as temperature, the fluctuations
shown are not solely due to temperature. Observation of these traces
show a basic change in the character of the phenomena with distance
normal to the surface. In cooler regions of the flow, the traces show a
predominately high power dissipatior with spikes which indicate "bursts”
of higher temperature gas brought to the probe by turbulent motion. In
hotier regions of the flow the trace shows a predominantly lower power
dissipation level with spikes in the opposite dircction indicating
“bursts" of cooler gas passing over the sensor.

Dynamic pressure, temperature, and energy flux profiles have been

obtained for the case
(ov),, = 18.70 x 10 31bm/hrZsec,

F=11.9x103,
with an injectant composition as follows:

Mass Volume
Hydrogen 2.83% 28.8%
Nitrogen 97.17% 71.2%

An example of a mean temperature profiie obtained with a 0.012 inch
diameter cromel-alumel thermocouple probe is shown in Figure {6. The
variation of boundary-layer composition and velocity also affects the

b-36
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Typical oscilloscope traces of the output of the

water-cooled film sensor in and near the combustion

zone. The upper trace fndicates the response when

the probe is outside the zone, while the lower trace

indicates the reshonse of the rrobe in the 20ne.
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the thermocouple readings and thus Figure 16 does not give the true

values of the local mean temperature. It does, however, give an important
first look at the envirorment and better than an ovrder of magnitude look
at the temperatures. The dynamic pressure measurements will not yield

the velocity profile until the concentration profile is determined.

A signiTicant benefit of the present tests has been to cbtain a
familiarity with the equipment and instrumentation being used. Another
important contribution is that sufficient data on operaticns and environ-
ment has been obtained to map out continuing careful studies of both the
cooled-probe and the combusting turbulent boundary-layer.

3.4  Continuing Work

With the use of the multipie head probe mentioned in the equipment
section and the cooled-probe anemoneter system, the characteristics of
the cooled-orobe will be dstermined. By varving the probe surface
temperature, coolant and the composition and temperature of the boundary-
layer, the effects of composition, temperature, and velocity on the total
energy flux to the probe will be stuéied;(27) in this process a great
deal of information on the boundaryAlayer behavior will also be obtainad.
The distribution of turbulent fluctuations,both spectrally and with position.
wiil be studied. _

The variaticn of total energy’fiux to the probe is aqual to the
decrease in the amount of power required ti maintain the constant probe
surface temperature In turn, this energy fius may de related to the
probe environment by oxpression such as those given in Refsvences 28 and
29. From Reference 28 for heat transfer to a smal? cylinder, the heat
traﬁsfef corratation may be writt%ﬁ as

N Lo /> , |
ey % CORSEANE = - Ry 2w sl (1}

4
ol
RN
i
T
er

where
¢ = total erergy flux
0 = probe dismeter

X
]
d

3
pes
o
ed

aaviranment deasity
i i

¢ o= local anvironment vis
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Cp = local ervironment specific heat
k = local environment thermal cunductivity
{he - h,) = enthalpy potential between environment
and probc surface

From this it is clearly seen that variations in temperature, velolity
and pressure a1l interact to a large extert and affect the heat transfer
rate. By the means previously outlired, it is these interactions that
irz 1o b2 studied.

Addit.onally, since heat transfer is the gquantity of major interest
in proviams Involving combusting turbulent boundary Yayers, the ability to
directly measure heat flux from the environment provides a powerful tool.

The majc= joals of this work are first; to gain sufficient informaticn
=1 the cocled probe characteristics to determine its most effective use
in this and other combusting turbulent boundary-layer environments, and
second; to provide a tetter understanding of the phenomena occurring
in a combusting turbulent boundary layer.
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4.0 SUPERSONIC COMBUSTION BOUNDARY LAYER

47 ol TLty
ne growing interest in very high speed, high altitude flight has

opened a new realm of propulsion analysis. The achievement of high speeds

&
n
i

at high altitudes requires a powerful propulsive unit cr engine. To date _
the rocket has sarved well in this area, but as the demand increases for ;
more efficient means of propulsion, the oxygen of the atmosohere will :
~hava to be utilized. This has led to the consideration of air breathing
eagines for high supersonic and hypersonic atmospheric flight prepuicisn.
Studies have shuwn that the pctential performance of the supersonic com-
? bustion ramjet {scramjet) far exceeds the performance of even the most
Ls - efficient chemical rockesis.
In order to investigatz ti Zunditions encountered and the problems

to De overcome in this nzyw reqime, it becomes necessary o simulate these

: conditions in a areunz Tacility. Since no one facility can reproduce all

g the conditisss [ikel- to be sncountered, it {s necessary to devise
difierent but complimentary fazilities.

5 rigure 17 {liustrates the genaral air intake procedure for a typical

%ﬁ scramiet engine. The geometry illustrates how the simulation is possibie.

The air in the combustion chamber has passed through one or more obligue

shock waves to decrease the speed from that of the free stream and to
% increase the static pressure and temperature. The free stream Mach nusber
g ts 2111 greater than 1, hence the combustion process will occur in a
| supersonic air stream. .
A recent paper by Benry{” indicates that the most pressing probiems
i to be solved are concerned with (he processes ef mixing. fgnition, and
: combustion of the fuel and oxidizer. It has been found that more efficient
mixing occurs when the fuel is injected radially into the air stream,

but significant stagration pressure and axfal thrust losses are incurred.
A minimum stagnation prassure loss is realized, along with a significant
increase i axial thrust, when the fuel §s injected aleny the axis of the
combustor, with mixing allowed to occur through a turbulent diffusion pro-
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FLIGHT MODEL

Fuel
1 r B -
1:=== 2 3 — 4
:::====::=========::=============: ——
LABORATORY MODEL
Station Legend
1 Ambient region (f1ight) or air
heater (laboratory)
2 Inlet region (flight) or settling
chamber (laboratory)
3 Combustor inlet
4 Combustor discharge

Figure 17. Typical flight and 120oratory geometries employed for hypersonic
flight simulation. ' '
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cess. However, the process of mixing for this case is so slow that exor-
bitant combustor lengths are required. Hence, an optimum fuel injection
method must be found. Because of an insufficient amount of design know-
ledge concerning turbulent mixing and combustion phenomenon, such informa-
tion will, of necessity, be found experimentally. The facility installed
at the University of Utah has been designed to obtain such information.
The design, installation, and calibration of this facility has been
carried out by R. W. Harmer and D. L. Boyd.

In the simulation of conditions eccurring in the combustor of a
scramjet, it is not necessary to duplicate Mach number or velocity. It
is more important to duplfcate static pressure, static temperature, and
residence time of the fuel and air in the combustion chamber. With
these requirements {n mind, the capabilities of the system may be _
examined. The rozzle blocks available to the supersonic combustion channe!
have been designed to provide test section Mach numbers of 2.5 and 3.0.

In addition, the tunnel pienum chamber, diffuser, and exhaust system have
been designed for a steady-state operation at a temperature of 3000R and
a stagnation pressure of 200psia. With these basic parameters as a
starting point, Table 1 presents the simulation conditions that would

be selected for adw-ignition studies of hydrogen using the Mach 2.5
nozzie.

When compieted, the facility will have the capability for simulating
the combustor environment for a flight Mach number of 12 at an altitude
of 130,000 ft. The present capability of the facility is also presented
in Table 1 and indicates a capability for simulating flight Mach
numoers of 9 and 10 at flight aititudes of 80,000 and 120,000 ft.,
respectively. This restriction is introduced by the utilization of a
natural gas-fired burner in the pabble-bed heater, which produces a
maximun bed temperatura of 2600°R. This can be overcome by utilization
of a propane-fired burner with oxygen enrichment.

The tunnel celibration, using an opean-jet test section, is underway
at the present time and should be completed in the next quarter.

A 1sting of the facility components is presented ir the next two
sections. '
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4.1.1. Tunrel Inlet Pressure and Heater System
The following 1isting describes the equipment which is presently
utilized to provide the pressure and heating cpapbility for the
supersonic flow facility.
1. Compressor: Gardner-Denver two-stage piston compressor,
designed for 350 psi maximum pressure, delivers 350 standard
cubic feet of air per minute, shuts off approximatel, .hen

receiver tank pressure reaches 350 psi and restarts at 320 psi.

2. After-cooler: Heat exchanger designed to remove heat put intc
air from compression.

3. 011 desiccator: Designed to handle 350 standard cubic feet of
air per minute compressed to 350 psi with dry-o-1lite activated
alumina desiccant.

4. Receiver tank: Designed for a pressure of 400 psi and a
temperature of 650°F.

5. Afr dryer: Desiccant dryer designed to handle 350 standard
cubic feet of afir per minute ai 400 psi.

6. Storage tanks: Eight cylindrical tanks of appraxtmately
52.9 cubic feet each with a total capacity of 423 ft.3
rated at 2800 psi, presently used to 350 pst.

i Storage tank shut-off valves: Hand-operated 3000 psi, 1&“
gate valve. Two Glove Pressure Controllers for 1niet prgssure
rojulation, from 3000 psi inlet to 150 psi outlet.

8. Pnomatic inlet valves: Four pnewmatic %ﬁlet ve%ggs’and one
pe.tie-bed bypass valve (two 3", one 1", one 3/4",. and

_one 14" bypass) are hand 1oaded ﬁith ;ff te cpen. .
Valves are installed with upstreem prassure on tap of the

valve seats. One 3" valve fs auxiliavy ;aé 13 not yreseatly‘ .

connected.

9. Orifice Plate: A 3/4° alumimm pwm with a a,ssa* dlamster

orifice 1s located upstream of the pebbls-bad anﬁ~4ounstraank

of the controi valves to. ”ﬁit fiow for safggy 37'“"#@5&5. e

10. Pebble-bed ’neatcr. A mtsn‘l gas fired pewww hgatcr

wep e b »




1.

12.

with 1* diameter alumina pebbles, designed to deliver
2600°R afr st 300 psi.
Pebble-bed exhaust valve: Hand-operated 250 1b, 4"

glove valve.
Pebble-bed gate valve: Crane hand-operated, 250 1b., 8"
gate valve.

4.1,2 _ Downstrean Flow and Tost System
" The basic hot flow system, downstream of the pebble-bed heater,

consists of the following ftems:

1.
2.

3.

: -'_.'AW‘.

~Hot gos valve with cooled body end flanges.

Plenum chawber with settling screens and bypass air injector,
made of 304 SS and completely water cooled for steady-state
operation at 200 pst and 3000°R.

Transition section for adaptation to rectangular nozzle block
made of 304 S5 and completely water cooled.

Nozzle blocks for 3.0 and 2.5 Mach numbers made of 304 S5
completely water cooled and prestressed for hot operation.

Froe jet tast section with access ports for varfous
caitbration probes and test probes. Equipment is

fabricated to be readily adaptable for full length
mt section to study reacting boundary layer \mh

mass injection.
- Diffuser section slldt of SOC Ss m caqmtﬂy o
water cookd . -

- Expansion Jcint ndc of 384 $5 and mlmty ’
Cwater cooled. '

Cooler des 1: couhurﬁau 128 tubo hnt cxdmmr
rated for 50 mluc at 60 gpm ntcr fiow rite.

" Ejector system to permit control of the cwm:ion

7 retio of the wind tunnel and to usm: in rvmcim
ummmmctmwn ST

‘Probe pasitioner with clutch opmnm servo-ntor.

aount!mr. and 0. om'emm nmm- with

Py m backlash.
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4.2 Chamel

Figure 18 presents a schematic diagram of the supersonic combustion
boundary layer channel to be fabricated and installed during the next
year. This channel has been designed to allow probing of the turbulent
boundary layer with injection and combustion which develops along the
top wall of the channel. The test section dimensions would be as follows:
Hefght = 1.50", Width = 2.75*, Length = 21.0". The top wall would
include a porous plate with dimensfons of 2.25" in width and 15.0* 1n
length. The porous plate would also act as the bottom surface of an .
enclosed fuel injector hood. This hood would be treated as an energy
and mass control volume for the evaluation of surface heat and mass
transfer.

It 1s anticipated that the use of this supersonic combustion channel
would allow the acquisition of accurate turbulent mixing and combustion
data, along with pilot tgnition characteristics for application in the
design of supersonic combustors for fiight in the Mach nusber range from
5to 12. It is also anticipated that the cooled sensor> empioyed in the
subsonic combustion wind tunnel will be 1ncorporatod into the testing '
progran for this facility

With the devclopncnt of this proposcd test section and its 1ncor-.
poration into the cxisting wind tunnel facility, a capability will be
acquired by which information may be obtained concerning basfc problems
cf utxing. 1gn1tion, and cambustfon in supersonic flow streams.  The

acquisition of such 1nfonlation should provide a more ccnplctc fonnulation o
‘upon which future designs of supnrsontc coubu:tfon propulsion :ystcns ’

 may be based
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PREFACE

This task involves an investigation of the thermal resporse of ablative
materisls to the mechanics and chemistry of combustible gas flow in certain
components of a rocket motor sysfem, as, for example, nozzles. Particular
attention is being focused upon matters which have been largely ignored in
the past:

Phase 1: The interdependent effects of pyrolysis, surface
chemical attack, and boundary layer combustion

Phase II: The kinetics of subsurface reactions

Phase 1I1: The effects of surface-active agents to minimiza
and make more uniform the surface attack.

The general approach being taken involves an understanding of the
important kinetic, transport, and surface effects at a molecular structure
and interaction level. Uniike most previous ablatfon studies, chemical
catalysis is being utilized to provide additional degrees of freedom
towards the development of more efficient ablatfve structures.

Buring the 1967-68 academic year, effort was initiated on Phases I
and II. Some background discussion and details of the accomplishments to
date are presented in subsequent sections. A laboratory for the fabrica-
tion and bench scale evaluation of ablative composites has been completed.
In addition, the use of a spectially dasigned tunnel (with an adjacent
controi room) for hazardous experiments was secured for the installation
of a hybrid rocket testing motor and a hot gas flow facility. These
facilities are described belew under Phase II. Effort on Phase II1 was
begun only recently. Hence only some background material and the results
of & brief Titerature search are presented at this time.

Before discussing the component phases in detail, it should be noted
that all of them comprising TASK 3 of Project THEMIS are closely related to
TASK 2 which deals with gas flow and heat transfer. In particular, the
knowledge gained concerning chemically-reacting boundary layers wili
provide an essential interface, and the high temperature supersonic
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ﬂow fa«.i%ity cwmnt!y being installed :mder Yask 2 will provide a well-
cmtmned emfmmnt for abiative material respon&e studfes. In addition,
- the mnsu!mtfve assistince of 9rofeswrs R. H. Boyd, H. Eyring, and J. K
_mm% in the areas of polymer chwﬁstw ané physics, chemical reaction
sachanisms, and mss ‘spectroscopy; Mspecuveiy shouid be acknowledged,
especiany in gufdirg the experimenta} work. Professors A. 0. Baer and

B. H. Ryan's broad background {n s0lid propeliant combustion has aiso
provided an important contribution to our progress.
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PHASE 1 INTERDEPENDENT EFFECTS OF PYROLYSIS, SURFACK CHEMICAL
ATTACK AND BOUNDARY LAYER COMBUSTION--N. Burninghsm*

il
Lo )

1.1 Introduction

The ablation of a reinforced plastic fs a highly complex phencmen~n
involving coupled mass, momentum and energy transfer mechanisms. Since
materials may abhlate by melting, sublimation, vaporization, internsl and

-surface chemical reactions, or by any combination of these physical and

chemical processes, a description of the ablaticn process requives an
analysis of the energy and mass transport within the ablating materfal
coupled with the adjacent boundary layer,

The objeciives of this phase of the Task 3 program are the investi-
gation of the thermal response of ablative materials to coupled environ-
ments, including inert and combustive atmospheres. Thus, the interdependent
effects of transpiring pyrolysis products, surface chemical attack and
boundary layer combustion are being studied. It is anticipated that
sufficient data will be zollected on ablative materials properties and
thermal response that an existing digital-computer program, discussed in
in Appendix B, can be utilized to predict and optimize thermal response
of ablative materials in a variety of environments, ’ h

The experimental work of this phase of the Task 3 program is procgedlng
in three areas: a) determination of the kinetics of pyrolysis and _
identification of pyrolysis-gas species, b) ablation experiwents without -
environmental coupling and, c) ablation experiments with environvental

* Mr. Norman W. Burningham received a B.S. degree in Chemical Engineer-
ing 1n 1960 from Princeton University with honors in Engineering, and an

M. S. degree in the same fleld from the University of Denver in 1965

where his thesis was entitled “Analysis of an Intesnally Ablating Heat
Shield.” He has alsc attended the University of Colorads and the
Californta Institute of Tachnology., From 1961 to 1926, he was employed

by the Hartin Lompany, where he made sfgnificant technical contributions

in the research and development of advanced high temperature composite

materiais. Since 1966, he has been on leave from the Martin Company to
pursue a Ph.D. degree at the University of Utsh. Me began work on Project
THEMIS  1n September 1967. e o -




coupling. The kinetics of decomposition is being {nvestigated by thermo-
graviastric (TGA) and differential thermal analysis (DTA or DSC) techniques.

Pyrolysis gases from test samples will be collected and identified in 2
- mass spectrometer. A study of ablation without coupling will be conducted
in an arc-image furnace (described under Phase 2) with an inert environ-

pent. Results of these experiments should permit the estabiishment of a
base lfne for the thermal response of ablative systems. A hot-gas-flow
facility (described under Phase 2) will be utilized to study the effects
of enviromental coupling on ablative performance. It is believed that
& sufficiently simple experimental procedure will be found such that the
coupled effects can be treated singly or in a sequence and thus permit
individual evaluation.

1.2 Reein Pyrolyeis
Yo date in this program, the princal emphasis has been placed on the

. development of TGA techniques and their utilization to understand the

kinetics of decomposition of resin materials. A vital part of the kinetic
analysis is the fdentification of the decosposition gas species. The
effluent gases provide the best key %0 preciscly specify individual de-
composition reactions. It is also essentfal that pyrolysis qases be
completely identified in order that the chemical reactions between
decomosiﬂon gases, char and boundary flow species might be studied.

- One critical question which must be considered concerns the
egpﬂubﬂfty of TGA data to rocket nozzle 1iner appiications. Thermo-

. gmrmt.rtc analysis does provide a means of carrying out the gymi;rsis

reactions in an inert enviromment which simulates that of the pyrolysis

z0n8. é\]io.' the TGA method provfdes a programmed heating rate'envﬂmmﬁ

which forms the char, and permits ihe gases to escape at pyrolysis temper-

L atures with _essentially no secondary cracking and, hence providas a direct

xusm of prinry char formtion. _
" The essential difference bemn TGA tests and an actual mat!on case

‘ 18 the l\eatmg rate. In ucual TGA experiments, temperature rise rates of

sanples are on the order of 1° to 30°C per minute while n an actua’

‘ablation application tes, temparature rise rates of 5000° to 8000°C per

. minite can be encountered.
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Some authors, therefore, have concluded that TGA datz may have no
direct connection to material responses 1n norml ablative conditions.
For example, Melnick and Nolm(” have daveloped an apparatus capabie
of conducting TGA-type tests on Targe samples &t very h. .h heating rates
and have compared kinetic parameters (assuming a single chemical reaction)
for customary TGA haating rates with those obtained in their high heating
rate system. Tremendous disagreements 1n the values obtzined led them to
the conclusion that no correlation between the two types of test existed
and that the normal, low heating rate technique is invalid. However, in
reaching this conciusion the authcrs have cormitted severzl vital errors
which are believed to negate their conclusions.

First, they fail to recognize that several distinct chemfcal reactions
were occurring whose cumulative effect is represented in their thermogram.
Of particular significance for their composite system of nylon-phenolic
is the fact that the two constituents decompcse essentially independently
over different temperature ranges. Furthermore, the phenolic constitutent,
as discussed below, decomposes by at least two different types of reaciions.
They next compare data from a short duration heating rate test, for which
it is very unlikely that sample temperature was either uniform or equal te
the programmed temperature, to resuits of a low heating rate test of
extended duration. The high heating rate test, therefore, strongly
emphasizes the early portion of the thermogram giving overwhelming
predominance to early reactions which may have radically different kinetfc
parameters than the effective overall kinetic parameters for all decomposition
reactions representing the entire thermogram. - '

On the other hand, other authors conclude the equivalence of high
and Tow heating rate tests. Parker and uinkierw) tested a variety of :
henolic resins and determined char yields for heating rates up to 25 | 3 ]
cal/cmi-sec’, They observed that char yields were essentially the same as 3
these for TGA tests. They tentatively concluded thai primary char forming
processes for phenolics are tndependent of polymer heating rate over
temperature rise rates varying from 2 to 5000°C per minute. The fallacy
in this conclusion 1s that the final amount of char formed is ot a
sufficient messurement or indication of the detailed kinetic processes
which have occurred. It is conceptually possible for the kirnetic mechanisms

c-3
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to vary and still yfeld apsroximately the same amount of char.

e are finglly left with the conclusion that the question of the vali-
dity of ond’nery TGA tests is yot unsolved, and therefore we believe that
further frvestigation 15 required.

1.3 Beein Syetems :
The resins which are being evaluated in this program have been se-
lected to pruvide a brrazd variety of chemical types including thoce in

 presant general use as well as some of the most promising new resin,

Because of their almest unfversal application (nevolac) phenolics and
epoxies are being studied.  Also soume of the new and prowising resins,
sudt & p-polyphenylene, polyphenyiene oxide, polyimides(Pl), polybenzimi-
dazoies {PBI} and nther hetarocyclics such as polyazomethines and
polyimidazopyrrolones are considered. Scme of these polymeric structures
are shown in Table 1.

Certainly the most widely used resin system in ablative applications
has been the phenolics. Their broad utilization has encouraged the
development of an extensive literature on phenolic ablation. How-
ever, even for these best characterized ablative resin, many questions
remin unanswered. o - L

- Phenolic resins as 2 group of compounds include 2 constderable number
of meter{ais which are wodifications st the originai phenel-formaldehyde
condensation polymer. As a ciass these polymers are readily available
from ruserous sippliers. Phensifcs have excellent molding and laminating
preperties and exhibit desirable strength characteristics. The ease with

which phenolics can be successfully combined with wary types of reinforce-

ment to form effective thermal protective systess no doubt accounts, in
part at least, for their extensive usage. However, phenclic materials as
a class have relatively low char yields ranging from about 25-50%. Also,
l.ﬁii!o.app:bximt&&ﬁﬁﬁ of the pyrolysis gas is cowposed of hydrogen, the
remtinder is made up of considerably higher molecular weight gas species.
Therefore, phenolics do not exhibit the mos* desirable characteristics.
It is only recently that the kinetics of phenolic therwmal decomposition
has begun 0 be understood. Early investigators studying the pyrolysis
of phenolic, alone or {n conjnction with a reinforcement, arditrarily

charactarized the kinetics of decomposition by a single-step process.
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TABLE 1. CHARACTERISTIC STRUITURIL
OF PROSPLUTIVE ABLATIVE POLYMEPRS.
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TABLE 1 (CONTINGED) -
5. Polybenzimidazole
i
7. Polyazomyiivine
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Generally, ¥t wos assumed that the cecomposition reactions were {rreyersible
and that homogenecus kinetics apply. Also, an eﬁpirical, pseudo-arder rate
axpressicn of the classical form 1s assumed t¢ be appropriate. Thus the
reaction s described by the generalized expression

= K | m

¢

1]
o
Mg

whera the specific rate « is given by the Arrbenius relation:

k=ne FR (2}
tie function f {M/Mo) usually has the form
M Y il o
The combined expression is then,
3 1 © / ,T ¥
S R ®

The kinetic parameters, xctivation emrgy E. pre-ﬁxponential‘factor A, and
grder of reaction n are then determined from the rate equation using TGA
data. The data arocessing techniques are discussed in a later section.

Tie particular assumed form of the rate equation gtven by Egquation (&)
is generally attributed to H. L. Fr?edman(3} who seems to b2 one of the
first to have used and popufarized 1t. Even though the form has been
widely used it is ~pen to serious criticism. First. since there are un-
doubtedly several chemical reactions proceeding simultaneousiy, ne single
rate expression could possibly account for them, excenxt for considering

only 2 gross average of properties. It has often been observed that attempts

to fit phenolic decomposition in this way have been less than successful.
For example, the evidence of TGA weight 10ss curves for phenolic clearly
indicates that at least two major reactions are occurring. Curves shown
in Figure 1 for USP 502 phenolic obtained with the TGA apparatus describec
below are of the same form as those obtained by Go!dstein.(4) The complex
curvature of these thermograms indicate at least two principal weight Toss
regions. The kinetic parameters obtained assuming a single rate law have
no obvious connection with the physical meanings normally associated with
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them.

Recently some investigators have used thewforh in equation
{4) but have applied it separately to the major reactions observed.(q)
Goidstein has successfully applied 2 rate equation of the type of
equation {4) to the decomposition of CTL-9ILD phenolic by using it
twice, once to each of the predominant reaction regions he iden-
tified, After determining kinetic parameters, Goldstein was then
able to predict weight loss curves with greatly increased accuracy.
Kratch and co»workers(s) have extended this idea of multiple re-
action mechanisms to include a combination of three basic reactions.

Another way to analyze the decomposition reaction is to find a
model which describes the process on a macroscopic scale. One such
model has been successfully used by metallurgists to predict thermal
decomposition of explosives. 2

Consider the decomposition reaction as occurring by way of an
activated state at the interface between a newly formed product
nucleus and the initial reactants. The nucleus grows as a sphere
of radius, r, as the reaction proceeds. The rate of reaction is
proportional to the number of reactant molecules. Therefore, it
«an be written

# -5 )
where the quantity n is the number of reactant molecules, 12
is the molecular area of the activated state, and k is the reaction
rate constant.
Maximum interfacial area is reached when r = ro, the radius
at which the growing spherical nuclei touch and begin to overlap.
The fraction reacted, R, is the ratio of the sphere of products of radius
v inside a sphere of reactants of radius Ty For No nuclei

3 3
Refg ¥t L2 (6)
No 4/3 uro "o
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The number of reactsnt molecules 15 obtained by subtracting the sphere
of products from the sphere of reactants and dividing oy the molecular
voluee,

n 2 - (7)

Differentiating equation (7) and equating the result with (1), the
exprassion for the rate of growth of the nuclei is obtained

%{--u“ (8)

According to this equiticn, the radius varies linearly with time.
1f equation (6) is differentiated with respect to time and
c_ubimd with {4), the result is

$f- 2 @8 (9)
o

when Equation (9) is integrated

RV3 -"-"E-; (t-t,) (10)

Thus the fraction reacted to the une third power varies linearly
with tise.

The fraction reacted is related to the measured weight by the
ratio of the weight 1oss,Aw, to the weight loss at the inflection
point, aw,. Thus

1 - w'/w '
R= 0 (1)
i ™

and

c~10
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(1 -w w33 = k" () (12)

Values of k' are evaluated from a piot of equatior (12) which only
applies to the inflection point of the weight loss versus time
curves. ~

For reactions beyond the inflection point, a similar but
more cumbersome derivation giveS an equation which aprlies to the
rest of the reaction

: 1/3
1 - ( "% = W% "

"n/"o - wf/wo

= ky (t-tg) (13)

where We is the weight at complete reaction.

This type of an approach would be useful in analysis of rate of
char formation in ablation if a single reaction were occurring.

Occasionally phenolic weight loss curves do not exhibit the
complex curvature illustrated in Fig. 1. Such data may be in =rror
or they may be correct representations for a different form of
phenolic. In either case, these considerations indicate a need for a
rechanism of decomposition. Knowledge of 2 mechanism would permit
direct formulation of a rate expression.

Such a detailed mechanism has been proposed by Parker and
Hink]er(z) to explain the thermal decomposition of phenclic polywers
in inert environments. These investigators suggest that the thermo-
grams obtained from TGA analysis of phenolics can be explained by
assuming that the stable chars observed result from the coales-
cence of certain benzenoid structures in the principal chains of the
polymer. They suggest that the initiation step for the pyrolysis,
given as (I) in Fig. 2, 1s the homolytic scission of the carbon-
carbon bond connecting the aromatic pendant group to the main chain.
Thermodynamically, this bond is the weakest C-C bond in the chain.
Pendant group elimination can occur on either side of the single
bonded phenol ring to give both a phenol radical and a cresol radicai
(111 and Ill-a). Next a rapia abstraction of hydrogen atoms follows

c-N
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FIGURE 2. PRINCIPAL STEPS IN NONOXIDATIVE THERMAL DEGRADATION
| OF PHENOLIC NOVOLAC RESINS
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to give phenol and cresol as primary products. The free radical main
chain intermediates (II) and (IV) formed are expected to rearrange to
give intermediates (V1) and (VII). It is postulated that char for-
mation proceeds through a stable intermediate, shown as (VIII), formed
by termination of the main chain radicai pairs (VI) and (VII). The
formation of this stable bond prevents elimination of those aromatic
rings inftially bonded by two or more methylene groups in the prin-
cipal chain. Thus, only those phenolic ring structures which are
multiple bonded in the virgin polymer are retained in the thermally
crosslinked intermediate, which loses methane and carbon monoxide
above 500°C to give unstable char. Thermally stable char is depicted
as forming by continued crosslinking of the aromatic rings in char
(1X) with elimination of hydrogen and water. The final char retains
only those aramatic carbons multiply bonded in the original polymer.
Parker and Winkler apply their proposed mechanism to other published data
with considerable success. Certainly the proposed mechanism is an im-
portant step in understanding phenolic thermal decomposition.

The mechanism of Parker and Winkler {s somewhat different than
another proposed by Madarsky(s). Madorsky suggested that the primary
mechanism of thermal degradation was the scission of bonds as indi-
cated by the dotted line,

OH

At tesperatures of pyrolysis of about 360°C he determined the main
volatile constituents to be acetone, propylene, propano! and butanol.
The compounds CH‘. €0, (:1)2 were thought to result frum the complete
breakdown of the benzene ring at between 800 and 1200°C. The free
radicals resuiting from this thermal cracking could either recosbine
or strip the crosslinked residue of hydrogen and oxygen.

c-13
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The m mechanisms differ on the location of Initial chain

u:isafm ‘and on the source of such geses as C0,, CO, and CH,. Also

mm lm Winkler detected phenol and cresols which were not ob-
wmd by Madorsky. The rearrangement proposed by Parker and
ﬁnﬁ@r ylelding cher is also another sfgnificant difference. Even
thom the aschanism of Parker and Winkler seems to fit more data

* better ﬂm lhdorsky's. nei ther approach can be completeiy rejected.

W’W in basic polymeric structure and methods of gas aralysis
cesrﬂd easily have mtﬁbuted some of the differences between the
m mtiods.

CiIn mn’l. the refnformrts used i conjunction with a rmsin
1n mosiw fabrication have little effect on the thermal response
“of the resin, In the case of nylon-phenolic composites, the total
wmt Joss cw can b cmsﬁemd as the sum of the independently
mwmw themgvm for the rylon and the phenolic. However,

- for HHu minf@mtz a series of highly endothermic reactions with
“~carbon are pos:dble at pess-pyrolytic conditfons, which can signifi-
cantly alter the lblatica mme characteristics. A more complete

' zﬁsmsim of timst n&ct!ms 1s given in Phase II of this report.

. The syox#&s mpmmt mth«er class of materials which has been
axm ve%y used ia thermal pmtective systems. Like the phenolics,
tiay are. readtiy av:ﬂdﬁa in many Iadified forms, are generally
s-sisy @N&é and ‘%Mnited. and ame chemically and mechanfcally
cmwm with essess*hny any minformnt

Lsss is known of tha exact mmm cf the pyrolysis of epoxies

- tk»&.c 1: the me for phenohcs No detailed mechanism of decom-

gos‘%*im has beun: propoted.  However, sem-a} studies have successfully

 correlated epoxy structuré] types and curing agents as a function of

the mr y‘m& a) ‘Flaming has studied ten different epoxy types

§ ;-;--;_'g_»zmcg L “with nine curing sgents and has buen zble to predict

. dtar yialéﬁ Char yields for epoxies are generally much lower than

?‘**r pvhenclics ranging from 10X to 20%.
v shlation of an epoxy illustrates one of several types of coup-
iing af das$rable pioperiies which occur n ablatfon systems. Ideally

x e«s &htm‘ m‘iz, Mwmse producing 3 large quantity of low molecular
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weight gas so that heat blockage by mass injection into the boundary
layer will be maximized. At the same time the ideal ablator would
form a tough, stable char layer in order to maximize heat blockage by
minimizing heat conduction lo undecomposed abiator and substructure.
In actua) cases it seems that the abiator characteristics

obtainable represent a trade off between the desirable extremes. Thus,
systems which produce the best chars usually produce less voluminous
gas decomposition products. In the past several years, the greatest
advances in ablative systems have been made by the develcpment of

new resins which are stable at much higher temperat.res than previous-
ly possible. Also generally characteristic of these new high temper-
ature resins is their highly aromatic or heterocyclic nature which
produces a high amount of char residue. Included in this group are
the polyphenylenes, polyimides, polybenzimidazoles, polyimidazopyrrolones
and polyazomethenes. There are obviously a large number of specific
polymer formulations possible within these class types. Work has

been done on a number of specific examples which seem to have out-
standing properties.

Polyphenylene structures have bien investigated by Vincent(s)

and have been observea > form a hard dense char layer as they degrade
essentially by the elimination of hydrogen. Parks(g) has conducted

an extensivse comparison of eleven resins likely to exhibit desirable
ablative properties and has ranked them according to mass loss rate,
erosion rate, char formaticn, mechanical strongth and TGA performance.
The outstanding resin studied was polybenzimidazole (PBI) which was
superior in slmost every test. However, Dickey and co-ucrters(}o)
alsy investigating PB! resins, showed that conventional P8I resins
degrade rapidly in air environments by the oxidative scission of the
imidazole ring at the = MM gioup. This decoeposition produced no
char. When the PBi was thermally crosslinked by the eliminaticn of
the = NH group, it showed a resistance to oridation simijar to that
of graphita, Also, recent advances in resin technology have reduced
the gifficulties in fabricating with PBl which once limited this
resin's use.

Many heterocyclics are presently being investigated and reported
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in the Mteraturs. (s 12) 1he most promising of these new polymers
will be included in saluations conducted in this program. One of the
pﬁary selection criteria must necessarily be the pmeessabi"ty
and general handling characteristics of the candidate resin. Several
resins which seem to have excelient ablation properties are so diffi-
cult to handle that it is essentially impossible to usz them in com-
positas. Recognizing this difficulty, chewists are now modifying
gmd shlation structures to enhance processability. (12)

A concept to which the plastics industry has devoted little
attention thus far is the possibility of catalyzing desired pyrolysis
reactions. The catalysis of the endothermic silica-carbon reactions
{s such an exaxple. The appropriate selection of beneficial char
reactions rather than unprofitable decomposition would certainiy en-
hance the perforwmance of sume ablative resins.

1.4 Asinforcemsnis

The fabricatfon of efficiently ablating compasites of lhe best
resin systaas obviouslv requires a high performance reinforcement.
Two relnforcements have to date far surpassed all others {n this
regard: graphite (carbon) and high silica. Both of these materials
coabine charactsristics of high strength, high temperature stability
and ease of fabricability. The work done in this program will
utiTize principally these two reinforcements,

Other refractory reinforcemeats such as zirconia and mgnesia

" have heen used in high tesperature applicstions in combinstion with

pherolic and epoxy resins. However, fabricated composites {ncor-
porating these reinforcements axhibit poor structural strength and
are in phenl inferior in performance to graphite and silica
reinforced composites. Further advences in the properties of these
ssterials is necessary before they will occupy a competitiwe position.
Another recent advance which may alter the present concepts of
therma! protection {s the development of a 3-D composite. Llurie and
co-wornrs(n) have fabricated structural composites which have re-
inforcement n three mutually perpendicular directions. These 3-D
compesites have outstanding structural properties and their ablative
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§ performance was abcut the same as normally fabricated samples using
the san.2 components.

1.5 7GA 4pparaius

The thermogravimetric analysis (TGA) system being used in this
program 1s built around a Czhn Model RG Automatic Recording Electro-
balance. This balarce as shown schewatically in Fig. 3 is a high
sensitivity null point instrument in which a 1ight source photocel:
is the cetector. An electromagnetic D'Arsonval movement supplies the
restoring force. The loop gain of the servo system is in excess of
1000. so that the actual beam deflection under load is very smail, and
the balancing torque is egual to the sample torgque. Tha torque motor
used in the balance is as linear as precise weights and precision

potentiometers can determine. Thus, the balancing current ‘s a direct
measure of the sample weicht to an accuracy of bettor than ¢+ 0.05%
and a precision of better than + 0.01% of full scale sample weight.
The balance beam has three loops: loop A has 2 maximm lcad
of 1 gm; loop B load maximum is 2.5 gm; and loop C is used to suppert
tare weights for the other loops. The permissible wafght change is
0 to 200 my for loop A and O to 1000 mg for loop B. The smallest
7 weight change that can be reliably detected deperds on total load,
1 but for small samples it is 2 x 107 -7 gm. o v ‘
The talance mechanism {s mounted in a glass vacuus bottle acccssory
which permits operation in reduced pressure or ﬂm«t?aroua;h &vdmts.
Samples are susivended in hangdown tubes ubme si*e has Seven selecied
to provide opt%auu sensitivity and minimm noise for iow thmugh ex-
pertments. (1) 4 o
The Cahn balance systew has been used exteﬁs{ive‘iy"iﬁhi@' pr@_ﬁiéfoﬁ
TGA work and has been snowr to be stabls in a w‘ide_'ﬁii;'iﬁtj‘_faf ager:t\rg
conditions. {19+ 16) S
The furnace used in conjunction with the ba!mre 15 a Rarsha‘l
Mocel No. 1123 base-metal furmace with a mazimam over;hng t;mratnn
of 2200°F. The furnace has & heating zon: one foot ‘Tony which is pro-
vided with shunt taps to effectively contrc the temperature profile
along the length Gf the furnace. Thus far the central 7-inch section
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FIGURE 3. SCHEMATIC DIAGRAM OF THE CAHN ELCCTROBALANCE
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7f the furnace has been conivolled steadily with & saximum temperature
deviation of + 4.0°F. However; it §s possible to reduce the deviation

to approximstely + 1°F, thus providing a large region of constant
thermal conditions. E
The temperature ¢f the Marshall furnace is controlled by an F & M :
model 240M-25 Temperature Programmer, This control device has a truve
proportional power autput which permits smooth temperature programming
and controt from ambient to 1000°C. The solid stote circuitry has a
maximum power output of 2500 watts. A tewperature sensitivity of less

A i

than 0.1°C {s possible. Tie contruller can function to provide con-
stant temperature operaticn before, after, or beiwzer programmed ,’i

periods. Pragramming rates of 0.5, 1, &, 3, &, 5, 7.5, 10, 15, 20,
25, 30°C/min. are available.

The cutput of the Cahn electrobalance takes the form of a DC
electrical sigral which is the input to a Mosely wsodel 70GIA X-Y
Plotter. This instrument, handiing 11 x 17 in. papev, has input
sensitivity ranges from 0.1 mv/inch to 20 v/inch with continuous
variable control between calibrated positions. Ascuricy of at least
0.2% full scale, linearity of 0.1% on a1} ranges and an irtegrated
time base applicable to either axis at speeds from 0.G1 to 20
in/sec. are all within recorder canshility. Fiqure 4 illustrates
ihe apparatus.

A great deal of effort has been directed toward develoning
an efficient laboratory technique for TGA work using the described
system. Inifially it was observed that building vibrations picked
yp by the sensitive balance mechanism and transmitted to tha re-
corder as noise completely preciuded the use of small samplas and
the high sensitivity ranges on recorder balance. A fiiter tuned
to eliminate noise in the region of &0 cps helped to reduce vibra~
tional noise levels and also minimized noise pick up Jue to elec-
trical ground lcops. Isolation of the table supporting the TGA
apparatus by shock absorbing castors further reduced noise in the
recorder. However, normal building vibration can, ¢t times, still v i
Timit the use of the most sensitive ranges.

It is desirable that TGA samples be as small as practicable
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in order that temperature uniformity might be ciosely approached and
temperatures of transitions more accurately identified. Sample sizes
on the order of 10 mg may be close to optimum for the system being
used. For resin specimens, test samples have been prepared by
grinding cured polymer and using the nowder fraction which passes
through an 80 mesh screen. fiwo typica: thermogram curves for
USP-502 phenolic resin obtaired from 5C mg powdered sampies are
shown in Figure 1. The curves represent only preliminary information
as temperature measurements have since beern improved.

Once TGA weight loss curves have been experimentally obtained,
the determination of the kinetic parameters, activation energy E,
pre-exponential factor A and reaction order n, can be accomplished
by several means. The technique of Friedman(s) will be considered
in detail. This author assumed that the following general equation
held.

- VUG = e RN f urg) (14)

where w = weight or organic material, and w, = original weight of
plastic. Taking logarithms of equation (14) gives

[ () () T=mmheant ) - g5 (19)

Values of (1/w,){(dw/dt) are determined and plotted against 1/7

as a function of (w/wy). The slope of each line is equal to

-AE/R while the intercept is en[A f (w/wy)]. The function f (w/w,)
is then assumed to have the form

Wy o n
F U = [0 - we)wg]
where wg is the final weight of char and n = kinetic order of re-
action. Multiplying the previous ecuation by A and taking logarithms

yields

an [Af (wwg)l = an A+ nin [(w-w)/w] (16)
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A plot of an [A £ (w/w,)] versus tn [(w - wt)/wol should then give
a straight Tine where the slope is n and the intercept is zn A.

It should be noted that in the technique of Friedman all the
kinetic parameters are determined by graphical means. Another
widely referenced procedure is that of Freeman and Carmn(”)
which is basically similar in approach to the one just outlined.

Another example of a technique for kinetic parameter deter-
mination is the computer approach of l\mdersom“8 . The expression
used in this reference for the degradation of a reinforced resin
system is

$e-ow G (1 - Fpe) 8 e (BT an

where
p = density of a system at any time
p, ® density of remzining resin
ovp = initial density of system
N = order of reaction
FRC = mass fraction of resin that chars
B = pre-exponential constant
E = activation energy
T = local temperature
t= time

e ——

From TGA analysis, information in the form of o/ovp = f(T) is obtained
for a fixed (dY/dt). The fraction of resin that chars can be ex-
pressed as FRC = o¢ ~(1-F)ovp/Fovp where pc = char density and F =
resin fraction in {nitial system. The density of remaining resin can
be expressed as

: B )
3 a L PC . ( , _
: p, ™ Fowp (ovp - pC) Fovp ‘%‘%‘ﬁﬁ%‘ (18)

and finally in combined form
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This final expression is snlved over small temperature increments by
finite difference techniques. The Anderson program computes Be'(E/RT)
as a function of temperature. However, ‘he reaction order must be
assumed and the other kinetic parameters are again graphically eval-
uated. This computer technique kas been prepared and run on Univac
1108 for several groups of p:blished dJata yielding kinetic constants
in reasonable agreement witi. tre published results.

The techniques of Fri. dmen, Freeman ang Carroil, and Andersoi
may be taken as rerresentative or those types of TGA data analysis
which use the diffzrential form ot the rate law. They all! involve
the inhere~tly inaccurate problem of graphical differentiation,
require constant rates of tempevature rise and utilize cumbersome
slope toking operations for determination of kinetic parameters.

Because of these difficulties, the use of integrated forms
of the rate law are beyng considered. Such techniques avoid
graphical or numerica! differentiation. The most promising general
apprcach appears to be the quasilinearization approach of Bell-
man.(21) This technique requires a reasonable inftial guess of
kinetic parameters, but then systematically and rapidly converges
to optimized values.

The 1imitations and restrictions noted for the differential
methods are not found in the quasilinearization approach. No form
of differentiation is required, graphical methods are not needed
and greater versatility in experimental approach is possible.
example, the requirement of constant rate of temperature rise
previously required is no longer a restriction. Temperature rise
may be programmed at varying rates in order to emphasize and permit

For
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accurate calculations of critical regions of the thermogram. It

may even be possible to combine {sothermal with non-isothermal con-
ditions during a single run. Once the data are obtained, the quasi-
Hnearization technique is handled completely on the digital computer
thus avoiding any intermediate hand manipulation.

1.6 Gas Analysis

In conjunction with thermogravimetric analysis, two other types
of experimental analysis are required in this program. First,it i3
necessary that the gas species evolved during the thermal decomposition
be identified as a function of the temperature. Techniques of gas
chromatography anc mass spectroscopy are both acceptable procedures
for this determination. Because of greater availability, a high
resolution mass spectrometer will be used.

Pyrolysis gases will be collected at reduced pressures in a
flow-through TGA apparatus. An inert gas, such as nitrogen, is
continuously fed into the flow-through system to prevent pyrolysis
gases from reaching the delicate balance mechanism and to act as a
collector for the gas species to be analyzed. With this approach,
it {s desirable that the mass specirometer be attached directly
tc the TGA system or that chemical reactions between gas species
are frozen,

1.7 DSC analyeie

A second experimental approach which will be used along with
TGA is differential scanning calorimetry (DSC). Available for use
in the Chemical Engineering Laboratory i3 a Perkin-Elmer differential
scanning rslorimeter. This sophisticcted equipment permits the
measurement of the heat required by the various thermal reactions.
It should, therefore, be of great value in identifying the different
regions of a TGA thermogram. The work of Sykes and Nelson“g) is
an example of this use of DSC data.

1.8 Direction of Continuing Research

It {s anticipated that during the foliowing year work on this
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project will include the identification of the effects associated with
the fiow of a combusting gas past an ablating surface. The results
obtained from the Task Il studies will be utflized wherever possible,
Specificaily, the following items will be completed.

1. Thermolgravimetric analysi, of ablation polymers will
will effected resulting in an identification of the kinetics of
pyrolysis. As a part of this analysis, pyrolysis gas species will be
collected and identivied employing mass spactrometry.

2. Composite ablative samples will be studied in an arc image
furnace to evaluate ablative performance in a non-environmental
coupled situation.

3. The hot gas facility described in Phase I will be used to
1 evaluate the thermal decomposition of polymers subjected to a com-
busting gas environment.
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2.0 PHASE 11 KINETIZS OF SUBSURFACE REACTIONS - J. Chidley”

Z_.l ‘*ﬁtmaﬁm _ _
For rather short periods of time, of the order of one minute, struc-

- tures may be protected by ablative materdals from continuous exposure to

Righ heet fluxes and high temperatures. Much longer times can be tolerated

] 1£ the exposurs is periodic or inte&rmittent. The most commonly used abla-

tive materials fur thrust-chamber insulation and lining applications have

been somposites of an elastomer andfor plastic reinforced with a more re-
* fractory material to support the resin and charred resin during the abla-

tich process and hold the composite together.

One such compusite, phenolic-silica. consists of a high-purity silica
cloth impregnated with a pshenol-fema"ldehyde resin which is cured to a
tough laminated structure. Much research amphasis has been and is being

-applied to the development of ablative wmaterials tailored to specific

appltmtions.(zg) \

In use, ablative composites absarb im.ident radiative and/or con-
vective thermal energy to some extent by surface and internal endothemmic
chamical reactions. For composites containing plastic resin and inorganic
reinforcements, the following classes ef §nt&rm} chemical reactions are
thermodynamically feastble. ’ '

1. decoaposition (pyrelysis} of resif to form char and gases;e.g. ,(‘3)

.} 1310%F
(Cy0qtlg9, 4017-8“3) resin (Cmc}o 66.1%11.8%m, char
+ (% Hy + ﬁzcg + X azO ok \.e + x5L9H6 + XNy + %, orqamc
+ XSCSZ + xg 5 ¢ ‘5 aromatics)gas {1}

2. thermal crérﬁng af, or mar*tsom ng pyi‘olysis gases as they
percolate t¥rough the inwiative pomu ﬁa; to the exposed surface
or the ablative conpcsit«s, €.9.¢ '

* Mr. John D. Chidié}receiv’ed aB'.S.,.deéree‘in ramical Engineering from

‘the California Institute of Technology 7n 1965. Since then he has attended

the University of Utah wiere he is 3 sindidate for & Ph.D. in Chemical
Engineering. He began work on tnis pkase of the program in September 1967.
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CHy{g) = C{s) + 2 {q)

Benzene (g) + %il,(g) == 6CH (e} 3 - {3)

3. char oxidation of the pyrolysis gases; e.g.,

C(s) + COp(g} = 2c0(q: , (4)
Cls) + HO(g) == T(g) + Hylg) (5)

4. reactions between the char and reinforcement; e.q.,
Si0,(s) + C(s) == si0(g) + CO(g) (6)
§10,(s) + 2C(s) == Si{1) + 2C0{g) (n
510,1s) + 3C(s) == SiC(s) + 2C0(q) (8)

and subsaquent reactions:

SiC(S) + 25102(5) = 35i0(g) + CO(q) , (o
$0,(s) + si(1) == 3i0(g) (10)

In the development of an understanding of the internal ablation pro-
cesses, the decomposition or pyrolysis reactions of class 1 have received
the most attention. These pyrolysis reactions are very important because
they produce a porcus char wiich can quite effectiveiy insulate the virgin
composite thermaliy from the high-energy external enviromment and thereby
curtail the overall internai ablation rate.

Of the three ciasses of postpyrolytic chemical reactions, those of
class 4 are considerably more endothermic than the reactions of the other
two classes. For this reaseon, class 4 reactions have received some attention.

Despite the high endothemicity of the 5—5502 reactions, their desir-
ability in abla§iv¢ composites is not nacessarily justified. If, as pointed
out by Gutman,{“ the C-510, reactions lead to a breakdown of the reinforced-
char structure, with subsequent surface =rosion, then the overall ablation
rate may increzse rapidly and become intuierable. But, as discussed by
Ladacti,{ when dimensional integrity is not essential, the additional
endothermic heat sink provided by the {-Sin, reactions may more than compen-
sate for any resulting surface erosion. \

To date, a thorough study of the desirability or urdesirability of the
5-5102 reactions for the entire range of reentry and thrust-chamber appli-
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catioas has not been reportad. A potential arsu of desiradility might be

in those regions 7 thrust chambers where surface erosion is not generally

exberiew and whers the ‘nternal insulation weight shoula be optimized.

Such situatiors are common in sma'l liquid-propeliant space engines and in

the thrust chawher and blast iwse of cartain soiid rocket motors, where the

hest fluxes ar: not too severe. The importance of welight reduction in solid- j

rocket-motor insulation wes discussed by Hribar.(m) ’
By cataiyzing the silicon-carbide-formstion reaction, as given by

Equation (8), so that it is rapid at the lywer temperatures axperigrced, it

zay be possible %0 obtain the endothermic berefit and corresponding reduction

in char depth, resulting possibly in reduction of the nececsary wall thick-

ness. By carefully manipylating the silica-resin ratio in the composite, a

char stoichiometry might be achieved which would result in the elimination

of subsequent SIC reactions, which could resylt in rapid surface eros on.

Going one step furthar, the subsequent reactions might be tolerated ‘o a

predeterxined axtent because of their own high endothermicity, if severe

char degradation could be avoidaed. Host of th. work reported <r far has been

concerned with systems in which & low pressure of (0 and high silica excess

were present, thus encouraging reacticns such as (9;.

2.2 Theeretical Considerations - Thermodynamics

Standa~d heats of reaction for internal ablation reactions are summarized
in Tabie 1. Note that if one assiumes that one gram of resin pyrciyzes o 3
char containing 0.45 crams carbon, and the carbon rescts with silica accerd-
imy 10 reaction {0), the heat absorted by the C-S*.Gz reaction is approxi-
matei: 5.8 times the heat absorbed by pyrulysis.

 Unfor,Jnately, some discrepancies exist among the thermodynamic data
reporied by various investigators. Some of thete discispancies are due ‘o
the advent of batter data fur heais of formation in recent yoers. Thus one
wust be very careful when comparing the findings of different investigators
to take nate of the data used by them in their analyses.

Also, some imestigatorﬁ have found that their cats are well fit by a
variety ﬁf expressions. For oxample, Baird and !’ay‘.:s‘r,(zn
free cnergy of SIC by observing equilibrius pressurz of (0 uver 5102 and
SiC and { mixtures, daterwmined 3 free energy of formation fur the reaction

LAkt

in meisuring the
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Table 1
Reaction HHagog cal/gn-mole
1 +265 {cai/gm resin for pyrolysis
@ 10000F i2)

2 417,889

3 -127,154

4 +41,220

5 +31,382
g; d +166,880
3 7 +164,660
3 8 +144,020
2 9 +356 ,620

2 10 +169,72N

zf AHys values for equations 2 to 10 were calculated from data in the Janaf
. Trermochemical Tables and U.S.B.S. Circular 600.
1 Si{1) + C(graphite) — SiC of
;%; AG% = -14,700 + 5.747 -al

(28)

They considered the date of Humphrey,
acturate, and thus adjusted t.2ir equation to 63° = -19,250 + 8.3T cal to
incorporate Humhrey's 25 of 8.3 cal/mole OR. The fit thus obtained was

et al for the entropy ierm more

st:1] "probably within experimental error”.

With the exception of {0, ail of the cpecies in reaction {§) are
assumed to be solids of unit activity. Thus, the partial pressure of O

aitd the temperature are the variables of l.leresl in the e3ridibrrum of

reaction {8). Reactions {6} and (7} are alsc governed by Poy and tempera-

129)

ture. Thus Beecher and Rosensweig' ~° stressed the importance of the equil-

G T

itrium CO pressure. They corcluded thal if the reaction kinelics were suf-
ficiently rapid, the fon.ation of siliten carbide would be deminant over

a temperature range of approximately 1300%C 1o £O000C. Rosensweiyg and

Beecher‘30)give the equilibriwm (0 pressure as
(8.71-15,190)
beg = 1007 e

where p., * atm, T = 0K

L (27) _ L ( .
Baird and Taylor,'” ° however, give an expression, Dased on irir experimental
rasylts, as

Cf39




PRADMTSER TN}

E. L 1 {(£.95-16,150/7)
vhere again pey = atm, T = .

‘§~ Klingergse) et al give a standard free energy of reaction for the
“ eguation

5102(u quartz) + 3C{s) = SiC{s) + 2C0{q)

of
86,0 = 143,480-79.56T (cal/gm-mole) §

- The following equation for the equilib: jum pressure of €0 has been derived &
31% from the free-enerjy expression. %
bg = 10(8-69-15.680)

CO pressures calculated from these equaticns are as follows:

Table & 5
1, % P, atm _ §
Resensweig & Beecher Baird & Tavior Klinger, et al ;
1500 .0438 0158 0174
1750 1.20 525 0.544
X 2000 14.45 7.58 7.15
¥ 2250 100.0 58.9 53,1

:Ladacki,(31) and Carey and Cou]bert,(32) among othars, have treated
the problem of thermodynamic equilibrium by the technique of caiculating
eq. .ibrium compositiun resulting from a specified initial composition of
C and 5102, and allowing for production of all possible chemical species.
Wide temperature and pressure ranges have been covered. Again. however,
discrepancies are noted. The rasults or Ladacki and of Carey and Coulbert
differ in that those of Carey and Coulbert predict a 1iquid siiicon phase at
temperatures just higher than those where SiC is stable, where the work of
Ladacki(33) dees not. Otherwise the results are at least qualitatively
similar. The results of Ladacki and of Carev and Coulbert are shown in
Figures 1 and 2 for an initial composition of 82% 5102, 15% C, at 5 psia.
] In summary, it appears on the basis of available reports that at a
fjl- given pressure, a temperature favoring the formation of SiC by Equation (8)
B can be found. HKowever, a precise prediction of this temperature is currently

¢c-30
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doubtful because of the high degree of accuracy required of free energy values.

2.2.1 State of the Silica

For most silica-containing composites the silica will initially be
present 2s the fibers comprising the woven cloth reinforcement. These fibers
consist almost entirvely of vitreous silica, according to their manufacturers.

As discussed by Sosman,(34) at atmospheric pressure, vitreous silica
is thermodynamically unstable at all temperatures below 1723%, the melting
point of cristobalite. However, at ambient temperatures, nc movement to-
ward crystailine arrangement has been detected. Silica gains sufficient
mobility to begin crystaliizing only upon heating to a red temperature or
higher.

This crystaliization is commonly called devitrification since it
usually results in conversion of the transparent homogeneous glass intc a
white, chalky mass of minute crystals.

At pressures and temperatures of interest, several stable and meta-
stable phases of silica are possible. Very large pressure differences are
needed to significantly alter the temperature ranges of stability of these
phases. Each phase als? exhitits high-low inversions. (The nomenclature
of Sosman will be followed in this report. He recommands the use of high
and Tow rather than « and 8 due to inconsistency in the literature in the
application of the greek-letter notations. Thus high and low are used to
indicate high-temperature and low-temperature modif cations, respectively.)

High-1ow inversions of the phases of silica al exhibit the character-
istics described for the inversion point between low.-yuartz and high-quartz
unger atmospheric pressure at 573° + 1°¢. The principal features of the
high-low quartz inversion, quoting Sosman, are

1. On rising temperature, a gradual increase in the rate of

change of all properties, noticeable at 50°C or more before the

inversion point is reached.

2. An entire absence of such a preliminary effect, with falling

temperature, on the high-temperature side of the inversion point.

3. A change -of symmetry at the inversion point.

4, An abrupt change in nearly all of the physical properties at

the {nversion point.

c-33




5. The very small rate of change in properties above 573%C as

compared with the rate of change between 0° and 573%.

Other important features are noted by Sosman. The inversions occur prompt’y
when the inversion pressure or temperature is reached, completing themselves
in some instances in a few seconds. The inversions are reversibie, and

the difference in energy content between high and low modifications is
relatively small,

Twenty-two known phases of silica are presented in the following table,
Table 3, which is based on one presented by Sosman§34) Since tridymite
exhibits several inversions in both its stable and metastable forms, the
notation S-I, S-II, etc. for the stable form inversions and M-1, M-11I, etc.
for the metastable form inversions was adopted.

It is questicnable whether in a practical ablative material the phenom-
enon of devitrification is of importance. The expected devitrification at
temperatires and pressures of interest would be conversion of the vitreous
silica to cristobalite, even at temperatures well below 1470°C, wheve
trydymite S is the stable phase since the glass still crystaliizes first
to cristobaiite in absence of flux or solvent. It is known( ) that the
crystallization of vitreous silica to cristobalite begins only at the sur-
face and proceeds inward, which accounts for faster devitrification rates
seen in powdered glasses. It is also fairly certain that waier vapor ac-
celerates devitrification.

One should, however, realize that the rates of devitrification of
vitreous silica into any of the crystalline phases are extremely slow.
Sosman(34) nives 1/2 hour as the time needed to convert 60% of a sample of
powdered vitreous silica to cristobalite at 1600°C. Since the exposure
times of ablative materials are generally much less than the times asso-
ciated with devitrification, it is not expected thet devitrification would
affect the behavior of the ablative material to any areat degree. However,
it is possible that an unforeseen catalysis of devitrification could occur
due to the presence of pyrolysis gases, char, and potential catalysts of
the char-silica reactions. The surface state of the silica fibers would
also be expected to exert a large influence on the rate of devitrification,
since it starts on the surface and never in the body of the silica.

Although devitrification is not expected to influence the char-reinforce-




Mode

Quartz
Tow
high

Tridymite
s-1

S-11

S-11

S-1v

S-V

S-VI

M-1
M-11
M-1I1

Cristobalite

low
high

Coesite
Keatite
Stishovite
Silica W

liquid
vitreous

supra-piezo-vitreous
compacted vitreous

Silica M

Table 3
THE TWENTY-TWG PHASES OF SILICA
Relative stability Pressure

Temperature range
(67)

{§ = stable) (K Bar)
(M - metastable)

CRYSTALLINE SILICA

=273 te 573 . S 0
573 to 867

1744
<

-273 to 64
64 to 117
117 to 163
163 to 210
210 to 475
475 to 867
867 to 1470
=273 to 117
117 to 16a
above 163

O O O 0 O

2 =EX OO X2 ZXZT T ZTE

Q0 O o

~£73 to 272

272 to 1470
1470 to 1723

=

Y

[ 7, i <

0

ca. 30G to 1700 15-45
monotropic? (unstabie everywhers) ¢a. 0.8-1.31
unknown ca. 160

monotropic (unstable everywhere) formed by oxidation
of gaseous Si0

AMORPHOUS SILICA

abeve 1723 S 0
-273 to 1723 M 0

M ca. 35

M ca. 100 and lower
indefinite (produced from all

other phases by high-
spced neutrons
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ment reactions, due to the relative sluggishness of devitrification, the
possibility deserves careful consideration. Klinger,(35) et al, used a
single crystal of low quartz in their studies. They found that at tem-
perstures of 1550%C and 1600°C and times of 190 and 150 minutes, respectively,
the quartz used in their siiica-graphite reactions was better than half
converted to low cristobalite. Klinger and his co-workers postulated that
an increased reaction rate of the silica-graphite reactions which correlated
with an unexpected disappearance of low cristobalite was due to interatomic
changes occurring during the transformation from quartz to cristobalite
which increased the reactivity of the silica. Other investigators have not
specifically ccnsidered the effect of the state of the solid silica on
reaction rates. Probably as important as the state of the 5102 is the de-
gree of contact between the carbonaceous and siliceous phases of the char,

i in a practical ablative material.

i 2.2.2 Kinetic Considerations

No studies of the kinetics of C-SiO2 reactions at other than vacuum
conditions has come to our attention. The investigations of Beecher and :
Rosensweig and of Blumenthal.(ﬁs) et al, have been confined to vacuum condi- i
tions for a temperature range of 1300°¢ £01700°C. Those of Klinger,(3°) et al
were performed in the range 1378%¢ to 1765°C and alsc at vacuum conditions.

Unfortunately, all of the char-reinforcement reactions (6), (7), (8)
are thermodynamically possible at the low pressures employed and the tem-
perature ranges used. Thus the rate of reaction measured by the investi-
gators is not necessarily that of the SiC formation reaction (8). In fact
all of the investigators follow the reaction by measuring the {0 pressure E
produced. (29) ;

Although the initial studies of Beecher and Rosensweig® ' indicated
rapid formation of SiC in the temperature range where it is thermodynamically
dominant, the work of Blumenthal.(as) et al led to a resxamination and
correction of those studies. As a result, the kinetics of the C—SiO2 reaction
were found to be relatively slow except at very high temperatures, where
5102 is mol*ten but very viscous.

Several rate expressions have been put forth for the depletion of carbon
or more precisely, the production of CO by C-Si0 reactions. They are not, how-
ever easily comparahle since fairly variant systems were used {0 generate them.

c-36
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(29

)suggested the following zero order rate
expression for the reactions occurring in samples of char from pyrolyzed
fiberglass-reinforced phenolic plastic.

Beecher and Rosensweig,

dn, = kv exp{- ~/RT)
Tt
where n. = grams carbon
v = volume of reacting mass
k = ]0:0 am/cm3 min
AE = 92,07 cal/mel2
They assumed that the reaction is heterogeneous, occurring at carbon-silica
interfaces randomly distributed throughout the volume. Beecher and Rosensweig
give no data concerning the magnitude of the interfacial areas. It is
assumed that silica was in excess in their sarnles.
B!umenthal,(as) et al, studied the reactions between carbon and silica
in pelleted mixtures of 17mu graphite p. der with 2.8u low-cristobalite
powder propared frm decomposition of silicic acid and with 15my colloidal
silica powder. They also studied samples of a charred silica-reinforced
phenolic resin. The moiar ratio of 5102 to C was 0.86 in tne char samples
and 1.0 or 3.0 in the pelleted Samples. 5562 was thus in stoichiometric excess
for the SiC- formation reaction. A temperature range of 1300°¢ - 1600°C was
covered. It was found that the kinetics of the carbon-siiica reactions in
the char were very similar to the reaction kinetics in the pelleted samples.

37)

Romie, suggested a first order rate expression based on the results of

Blumenthal, et al
~-dC = 15.5 exp(20-62,500/T)C
i3
where C = gm carbon/cm3
t = time in hours
T = temperature, R
Blumenthal and co-workers nowed an increase in rate for those samples with
greater interfacial area between silica and carbon and presumed that initally
the silica surface area controlled the interfacial area due to the smaller
surface area of the silica.
K1inger,(35) et al performed experiments similar to those of Blumenthal,

c-37
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using a high purity single crystal of low-quartz as a silica source. It

wis powdered and particles between 105 and 149y in diameter were usad in

the experiaments. Graphite powder used was less than 44y in diameter. The
temparature range covered was 1378° te 1765%C. The molar ratic of Siﬂz to L
was 0.111 for all runs. Thus graphite was in stiochiometric excess for the
S1C formation reaction in the experiments of Kiinger, et al.

Klinger, et ai found their data were correilated by a linear rate law
based on the silica surface ace2., l!odified to give carbon depletion, this
equation can be written as

dC = 7.45 x 10° x 12 exp(-117,000/RT) gm/cn’sec
dt Y
= 1.75 x 10° exp(-117,000/RT) gn/cmisec

where C is in grams carbon/cm2 silica surface area. The assumption was
made that the silica powder was spherical in order to obtz:n the area of
the powder to be used in deriving the equaticn from experimental data.

For experiments proceeding beyond a certain time (120 min @1545°C,
20 min slsas°c. and 7 min 9161006) the rate increased sharply and continued
to accelerate. The data in this region were correlated by

| i /3
; dnes = Ky Mg
§ a3t
i whare N, = Moles CO. Klinger et al give an activativi eiergy for this
§ reaction of 122:20 kcal, but do not report the pre-exponential factor of the

rate constant. They in.arpret the accelerated reaction as being due to
increased activity of the silica during a2 phase change from quartz to cristo-
batite., The change in structure is due to breaking of interatomic bonds
rather than displacement of atoms. Klinger, et al, also found that the on-
set of the accelerated graphite-sitica reaction coincided with the increase
in velocity of transformation of the guartz.

The results of calculations based on the eguations of Beecher and
Rosensweig, of Romie, and of Klinger are presented in Table 4 and Fig. 3.
Table 4 includes reaction times for 50% and 90% depletion of carbon, and
equilibrium CO pressure based on the predictions of Beecher and Rusensweig.
Fig. 3 presents plots of carbon depletion versus time for the three rate
expressions at temperatures of 2500°F, 2800°F. and 3100°F.
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Tabie 4
Y

T tezction Times (sec!

o 0 _ 50X Fal}
F ¢ B3R Romic Filnger B & R Romie Klinger

2500 1371 1,250 486 122,10 2,250 1,613 220,158 5.0
2600 1427 505 247 35,160 903 820 70,483 g2
2700 1482 215 131 13,225 387 434 2 o - B
2800 1538 9% 72 3,70 171 238 3,48 4,

2900 1593 44 4 1,785 79 130 3,213 .
3000 1649 22 24 il 40 B 1,314 105
3100 1708 1 15 305 20 49 542 &

These ~esults are based on the applicitin: :f the three rate laws
presented above to 3 system consisting of » hvjothstical reinfnrced cha:
leyer with a carbon §patia? density of U.78 gm[tm3 &wioa sitica spatial
densfty of 1.1 gm!cmd. The silica is presumad present sy fibers with a
dimseter of 0.001 om anc 2 specific gravity of 2.2 gnicws. The surface
drea of the siiica, necessary for the appiicatfian of the Yinear rate o:-
pression ¢f Klinger, thus reduces Ly the expressicrn:

3102 arga = 2 cmz

— P& char
cm” char

The equatiors of Beecher and Roserswetn and of Sgmis pradict similar

b,
[99]
e
4
[543

w©
4
£
[

j
ot

Cag:
b
¥
rr
e

Jeaction times for a given degree of zérbon gdeplistii
ipper range .f lamperature. Xlinger's rafs espressics, however, pradicts
reaction times from cne to two orders of magnitude lorger. Klinger's dats
were found using low quartz with an excess =¥ graphiie, whersas those of

Romie were baied on twd silica-carbon ratins. i.e., sguimsial and thres o

one stlica to carbon. The experivents of Blumenthsl, et al, upon which =iz
dased his aquation, were zarried ocut with colloidzl sitics and c3v on piace.
Rosensweig and Reecher refer to their samples astThar feue pyrulyosg Fiber-

glas -reinforced phen 1ic plastic®. Simes wiinger. et al, bassd thalr weasure-
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not be a fagtor in their equation. It is possible that the much slower
reaction times predicted by Klinger's & ation are due to the silica beirn
present as quartz, si=ce when the qus .z began to invert to ¢ristobaiite,
larga increasgs in reacticn rate were noted.

2.2.3 Effect of Catalysis
The effect of a catalyst is to change the rate of a reaction withoul
changing i1t:s1f over the course of the =eaction. If a catseiyst were found

that couls catalyze the sélicon-carbide formation reacticrn :nd thereby
significantly increase the rate at lmwer temperatures one miy it obtain the
endothermic benefits and cerresponding reduction in char depth,

Ixperiments conducted by Cut1er‘38’ in 1956 with silica and ¢ard

4 that transition metals were effective in catalyzing the synthesis of
siticon carbide. It wss beiieved, therefore, that transitiorn metals would
Dg affective also with <1iize 4 ohar in pyrolyzed ablative composites

fe proliminary experime s

H\

pre <iously (see the paper

"Catziviie Eng Reactinrs Between Char and
Seinforoementy” included 1n the Appendix. sunport the premise that a

im=an ERNa oy $ds PESEPRORNICE T Gy S frad : P
ipcrease at 100070 n the reggviyity of graphite over that of pure grant (s

2. a) briefiy rovlew several itheories 3s to the mechanise of catalysis of

3 from the surface of graphite) would be snhanced

d from the graphiie to @ catalyst. 1% 4% sug-
gested fthat transiiion slements accept electrons because of the non-stoichic-

metric characrer ot their oxides. Alsp, transition metals are believed ¢

L4
5]
(AN

be ghle o sccept 2lecirers &s 3 result of their d-arditals being unfil)
Thus they woyld ne able to ostalyze the oafcation of graphite by actepting
ity electrons and enhar 1x3 the soretian of (0.
Ancther passible mechantsm i3 dissociation of 302 on Fe to give CU and
adsorbed oxygen atoms. The uxygen atoms = supposed to te highly mobils on
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the Fe surface and thus could diffuse to a free carbon interface, there to
react forming gaseous CO.

The large increase noted by Rakszawski in the rate of the C-CO2 reaction
is of interest because this reaction miyni be expected to display a similarity
to C-5102 reactions, in that silica and carbon are members of the same
column of the periodic table. Also, the reactions both produce (0, tuward
which the behavior of the catalyst would be expected to vary iittle, re-
gardless of which reaction produced it. The actual mechanism of catalysis,
then, remains to be seen, and shouid he emphasized in subsequenrt work.

2.2.4 Possible Catalysis

To he an acceptable potential catalyst wmaterial, the compound considered
must be capuble of being incorporated into a composite material without de-
trimentally altering the properties of the material. Metals can be and have
been introduced as fi-e powders and as powdered oxides. These solid forms
have the advantage that they do not disturb the resin phase of the material,
but the disadvantage that a uniform dispersal is difficult to achieve.

Therefore, it was felt that a compound soluble in the resin phase might
be the best way of intrcducing a potential transition met2? catalyst. A
uniform dispersion in the resin, and very small particle size were exnected.

Investigation of availabie transition metal compounds indicat~d that
metal-organic compounds of the ferrocene system might well serve the purpose.
These compounds are soluble in phenolic resin systems of interest, sometimes
with the aiu of a co-soivent, such as benzene, which can be easily removed
from the uncured resin by evaporation after impregnation and prior to curing
of the Taminate.

As compared to many metai-organic compounds, ferrocene and the other
mctailocenes are remarkabie stabi2. The components of a ferrocene molecule
are, essentiaily, two cyclopentadienate anions and cone ferrous cation, Fe'™.
The actual structure is best shown as in Fig. 4, where the dotted lines
indicate that the ferrous ion is equally shared by each carbon atom.

Man; substituted metallocenes are known, some of which are liquids at
room temperature {e.g. n-butyl ferrccenej. The more reactive metallocenes
can be kept in solution, although some, such as cobaltocene, are poisonous
or vlammable. Ferrocene itself 1s re~overable from solution in concentrated
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sulfuric or hydrofluoric acid. Ferrocenes also possess the advantage that
the organic portion is entirely compcsed of carbon and hydrogen, especially
of carbon. Tie entire non-metaliic portion of the molecule would be expected
to contribute to char formation and to cooling by 1iberating hydrogen gas.

in additiun, the metal weight percent of ferrocenes is much higher than in
many metal-organic compounds.

Other compounds of the transition metals may also prove useful for
certain metal additions. Rakszawski.(ag) et al, obtained good catalytic
activity in their investigation of graphite-co2 reactions by introducing
iron in the form of ferric oxalate.

Carbonyls of several metals, including nickel, jron, cobait, and
chromium are known and might be used for the introducticn of the metals
into the resin phase. Carbonyls are, however, generally quite toxic and
flammable, as well as being quite volatile at room temperatures. These
properties would tend to discourage their usc. The structure of Iron
Carbonyl is shown in Fig.5.

Metal chelates and organic salts of the metals are possible means of
{ntroducing desired transition metals into the resin phase; however, generally
the weight % of metal in these compounds is not as good as that of the
ferrocenes, necessitating greater possible disturbance in the resin. These
compounds, however, might be used to pretreat the reinforcement, or silica,
phase of a composite, thus resuiting in a material wherein most of the
catalyst would be concentrated at the phase boundaries. Several possible
compounds of this class are shown in Fig. 5.
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2.3 Experimental Work

Actual experimental work has included the development of techniques
for uniformly manufacturing satisfactory laminates for tasting in the
*aboratory. Preliminary charring tests have been performed on laminates
made from commercially prepared pre-impregnated silica-phenolic material
and on hand 1aid materials made up with and without powdered and soluble
catalyst materials. These tests were performed in arc-imaging furnaces as
described below. Also, a small hybrid plexiglass-oxygen rocket motor has
been built and fired. After some redesign, this motor will be used to
determine the effect of combustion on the thermal response of ablative
materials. Pre-instaliation preparation for a hot-gas flow facility is
underway. The facility will be used for studying the effect on composite
materials of high-temperature environments generated by controlled combustion
of tiquid fuals (e.q. methanol) with air-oxygen mixtures.

These phiases of the work are discussed in more detail below.

- 2.3.1 Fabrication Technigue

Even before Procject THEMIS, a Wabazh hydraulic press, shown in Fig. 6
was available for our research work. This press had been used to fabricate
small samples of laminated composites. The press is capable of exerting a
pressure of twelve tons on a 3.14 square inch ram. The platens of the press
can be electrically heated up to 600°F, and the temperature is thermo-
statically controlled. The platens are 10" x 7" in dimension.

It has been found that the tendency of a composite to delaminate upon
release from the press or upon heating in the arc-imaging furnace is related
to the methods used in impregnating the cloth used in the composite with the
A-state, or liquid resin, and tc the treatment given the samples during the
time they are in the press. At first, samples had been made by brushing
powdered catalysts onto commercially prepared prepreg sheets approximately
1/32-inch thick or onto the silica cloth reinforcement of the hand-laid
samples. Resin was applied to the reinforcement of hand-laid samples with
a paint brush.

It was found that removal of air bubbies in hand-impregnated cloth
could be accomplished by a brief exposure of the wet, just-soaked cloth to
a vacuum. Impregnation of hand-laid samples is now accomplished by sand-

| c-46

ot S b it




WABASH HYDRAULIC LAMINATING PRESS

FIGURE 6
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wiching the resin and silica cloth between two cellophane sheets and working
the resin through the cloth manually by rolling a length of soft rubber

hose over the cutside of the sandwich. When a uniform-appearing impregnation
is obtrined, the sandwich is put in a vacuum chamber and left until offgassing
of bubbles ceases. It is felt that the release of the vacuum also helps to
force the resin into the interstices of the cloth.

The impregnated cioth is allowed to become dry to the touch before
curing in the press. This stage is often called the 'B-stage'. The material
can be easiiy handled, but is not cured completely.

Curing is done in the press, generally at temperatures around 300°F and
at various pressures. Release of the pressure just before set-up of the
resin has beer. found beneficial in preventing delaminations. A large
volume of gas usually accompanies this pressure release, which is probably
a partial reason fur the reduced amount of delamination.

2.3.2 Image Furnace Tests

Preliminary experiments with metal and metal oxide catalysts are
described in detail in the AIAA paper included in the Appendix. These tests
were conducted in an arc-im.ging furnace employing a Hg-Xe lamp as the
energy source. The tests were made with a heat flux of 45 cai/cm2 sec and
heating times ranged from 5 to 45 seconds. The results of the tests were
that the measured char depths of samples containing transition metal powders
were, without «xception, less than those for control samples prepared
simultaneously but containing no potential catalyst. The percentage of
char depth reduction ranged rfrom 5% to 25%.

More recent tests have been attempted utilizing catalysts such as
n-butyl ferrocene, in an arc-imaging furnace utilizing the same lamp as in
the preliminary tests, but in an entirely different configuration. The
present furnace was built up to study propellant burning problems and un-
fortunately is in many respects less suitable than the original furnace was.
The present furnace delivers a larger 'hotspot' approximately 3/4" in
diameter and probably a much lower radiant fiux. Calibration of the furnace
has not as yet been possible, but will shortly be accomplished. This furnace
is shown in Fig. 7. The recent tests have been plagued by delamination
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problems which were not noted in the preliminary tests. These recent tests
wers on hand-laid samples whereas most of the preliminary tests were made
with prepreg laminates. Also, the recent tests, because of the large hot
spot of the present furnace, used 2" square pieces of laminate, as con-
trasted with the 1 om discs used in the preliminary tests. It is possible
that the delaminations may be due to the large area under low flux, applied
perpendicularly to the plies. The chars developed under these conditions
may pnt be porous enough to pass the gases produced. More probably, the
delamination is due to inexperience in the art of laying up the materials.
In the most recent tests, the ceilophane sandwich-vacuum bubble
removal technique was used for impregnation of some samples. These samples
showed little or no delamination. A comparison of samples made by this
new technique and those made by the older paintbrush method after exposure
to the arc-imaging beam is shown in Fig. 8. It may be more realistic to
fabricate sampies so that the flux can be applied end-grain, since in use
the materials generally would be laid up so that the heat flux would not
be perpendicular to the laminations, as illustrated in Fig. 9.

2.3.3 Hybrid Rocket Motor

A small hybrid rocket moto: operating on plexiglas fuel and gaseous
oxygen was built as a senior thesis project and fired many times. The
rocket consists of two machined metal plates bracketing a repiaceable
cylinder of plexiglas, and held together by carriage bolts. A graphite
nozzle can be inserted and held in place by cne plate. The other plate is
attached to a chamber in which propane is spark-igni.ed to initiate com-

bustion of the plexiglas. Oxygen, propane, and nitrogen lines, incorporating

solenoid shut-off valves, feed into the ignition chamber and thence into the

plexiglas cylinder. This system is illustrated schematically in Fig. 10.
The present system has a pronounced tendency to leak. It {is being re-

designed both to eliminate the leaks and to provide more flexibility of con-

figuration. The redesigned rocket will incorporate new end plates for more

structural rigidity and easier disassembly. Blocks of ablative

material can be located both within and downstream from the plexiglas fuel

so that the effects of combustion on the thermal response of the test materials
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£.3.4 Hot Gas Fiow Facility

~ Purchase of a hot-gas flow faciiity has éeen fnitiated. This facility
will consist of a devize for the controlled combustion of liquid fuel
(e.g. methyl alcohol) with air, oxygen, or mixtures thereof to produce 2
hot gas. The system inciuges subsystems as described below. Air supply to
the facility will be sccompiished separately from the proposed facility,
and consists of a 3000-pei compressor, provision for oil and water re-
mava? and approximately 400 ¥§3 of air storage capacity. A 'schematic of
the oversll syat§m~anpears as Fig 11. The proposed facility subsystems are
as follows:

1. Hathyl alcoho! gfue?} system: The fuel storage tank is

stainless stesl with 2 volume of 1.5 fz.s rated at 100 psi.

The fuel is pressurized with nitrogen by means of a hand

loader. A1l required ¥111 and drain capability is provided.

Fuei flow rate is monitored by orifice flowmeter and dif-

ferential pressure gage. . Fuel flow is controlied by a re-

mote throttling vaive.

2. Air pressure and flow regulation system: The air pres-

sure is regulated by a dome loaded pressure regulator. Flow

control is exercised by means of remote throttiing valves.

Air flow rate is monitored by an orifice flowmeter and dif-

ferential pressure gage. Physical properties of air are

monitored at metering element. Air system is safety re-

THeved.

3. Oxygen pressure and flow regulation system: The com-

bustor is designed to burn either air or oxygen in the

primary. The oxygen used in this manner is stored and sup-

plied external to the present system. The pressure regula-

tion and flow control of oxygen is accompiished in a manner

similar to the air flow. The oxygen system piping is entire-
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Iy stainless steel.

4. General purpose air-oxygen and methyl alcohol combustor:

The combustor is fabricated entirely of stafnless stee! and

consists of the following components: a) & six-point tri-

plet water cooled primary injector; b) a water cooled tur-

buience ring; c¢) a water cooled combustor with a 4 inch I.

D. and 36 inch length; d) a removeabls secondary air injector

located 24 inches downstream of the primary injector (is

removed for operation at temperatures in excess of ISOOOF);

e} a water cooled screen grid located at the exit of the

combustor; and f) a circular 4 inch I.D. to square v-ansition

section. '

5. Control and facility instrumentation system: The nec-

essary static instrumentation of storage pressures ae pro-

vided on all tankage. Flow instrumentation required tu

duplicate a run point is provided by the flcw meters and

pressure and temperature sensors. Comhustor total tem-

perature instrumentation are provided at the exit of the

transition section.
The facility as proposed would exhibit the following nominal operational
specifications. Total Temperature: ambient - 4500%F; Pressure: ambient
to 575 psia cold, 50-400 psia @1500°F, 50-200 psia 4500°F; Flow Rate: 0.3-
3.0 1b/sec T « 1500°F, 0.3 -2.0 1b/sec 8T < 4500°F. Installation of the
facility will be in tunnel 0610, located beiow ground level jusi worih of
the Merrill Engineering Building. The air supply tanks are presently in
place on the surface just west of the tunnel, and the compressor 13 beaing
Tocated in the west end of the tunnel.

2.4 Dirastion of Continuing Research

Work in progress or planned for the near future includes redesign and
fabrication of improved parts for the hybrid rocket motor previously men-
tioned. This will be done soon, as the redesigned parts will be easy to
fabricate. The rocket will then be used to investigate the response of
catalyzed and uncatalyzed materials to subsonfc combustion high-shsar envi-
ronments.
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An optical glass some has been procured for use in a controlled
atmosphere chamber for exposure of ablative samples in the arc-imaging
furnace. This chamber will enable us to determine the relative effects of
inert or reactive atmospheres such as CO at pressures from vacuum to
slightly above atmospheric pressure.

The thermogravimetric analysis equipment described under Phase I above
will lend 1tself readily to study of the C-SiO2 reactions with slight
modifications for higher temperature capability. Several topics of in-
vestigation are suggested: effect of catalyst substances on the reaction,
mechanism of the catalysis, effect of particle size on the rate of reaction,
and effects of CO pressures up to 1 atm on the reaction rate. The
modifications necessary are under investigation with the cooperation of
the Materials Science and Engineering Group in the College of Engineering.

Preparation for the instailation of the hot-gas flow facility is
underway. Necessary provision for high pressure air supply, ccoling
water, exhaust disposal, power supply, etc., must be made. The proposed
system is to be delivered subassembled to facilitate installation.

The facility will be used to observe the thermal response of ablative
materials to clean, high-tempeirature products of combustion. Wide ranges
of temperature, pressure, and flow velocity are feasible. The partial
pressure of C0 1s also capable of large variation by adjusting the fuel/
oxidizer ratio of the facility. Thus the effect of CO pressure on the
carbon-silica reactions can be investigated in a flow environment.

i
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3.0 PHASE III  GAS-LIQUID SURFACC EFFECTS--C. Hsieh®

3.1 Introduction

The silica fibers in the plastic matrix of an ablative composite
not only provide mechanical reinforcement, but also serve an impor-
tant function in the ablation process. When subjected to sufficient
aerodynamic, thermal, and shear forces, .he reinforcement materials
may eventualiy meit and form a glassy liquid layer on the charred
surface. Sutton 4 has shown that under certain conditions only
70% of the energy originally *ransferred to the surface of the
Tiquid layer is conducted into the non-flowing solid intericr. The
motten-layer absorbs heat in several ways. Energy is absorbed
through the materials' heat of fusion and heat capacity when the
temperature of the liquid increases. At the molten-layer surface,
the materials undergo endothermic chemical reactions or vaporization
and absord significant amounts of heat. Heat transfer to v2 molten
Jayer surface can 8lso be reduced by injecting into the gas boundary
layer foreign gases which are the products of chemicai reaction or
vaporization of molten materisis. Another function of the molten-

(a1)

layer fs to form a uniform surface on the charred materials, Whenever

a surface indentation occurs by spalling of the char, liquid silica
will flow into the hoie and smooth the surface again.

The effectiveness of an ablative materfal is determined by the
energy absorbed per unit mass ablated. The molten-layer flows under
the shear or préssura force of the gas boundary layer, and a consider-
able portfon of the ablation materiai may be blown off before 1t has
absorbed the maximum potaat$a3 arount of energy and has undergone
cheutc~1'reactions or vaporization. Thus, a competition exists be-

Mr. Chia-1un Hsieh received a B.S. degree in Chemical
Engineering in 1963 ‘vom Tunghat University in Taiwan. Since
September 1967 he has attended the University of Utsh, where
he is a candidate for a Ph.D. in Chemical Engineering, and has
worked on Phase [1I of this program.
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tween the reactions and the blow-off of the melt layer. In order
to increase the efficiency of the ablative materiai, the following
properties of the system are desi-ed: (1) high viscosity of
molten-layer; (2) small shear force acting on the surface cf the
molten-layer; (3) rapid rate of chemical reactions or vaporization
of molten materials compared to flow-off; (4) strong cohesion of
glassy liquid on tha charred surface. Bro(éz)has pointed out that
the rate of chemical reactions are controlled by the rate of mass
transfer intc i1ts surface. If we increase the rate of evolution of
pyroiysis qases, we may, therefore, be able to increase the rate
of chemical reactions. Mass transfer can also change the velocity
: profile and properties of the gas boundary layer, and so reduce the
shear force acting on the liquid surface. But increasing the
pyrolysis gas rate will alsc decrease the viscosity of glassy
{ iiquid. The gas rate can be controlled by changing percentage of
LA plastic in the composite-material, or by adding a cataiyst for the
pyrolysis of the plastic. :
Since the molten-layer 15 formed of several differeat chemizals,
different surface energies exist. Some special molecules may have
: & greater tendency of moving toward the liquid surface where inter-
phese chemical reactions take place. It is, therefhfe,'ﬂesirab}e
to find some surface active agents which can promote this tendency ) ]
and increase the chemical reactions or vaporization rates. However, g
one must be careful that the addition of surface active agents do 3
not reduce the viscosity of the glassy liquid or alter other
favorable properties. :
tass has a very high surface energy, and has the tendency to
form drople:s. These droplets can be blown off easily by rolling
on the charred surface. Yhis reduces the efficiency of the
ablative materizl and causes the roughness and uaevénneﬁx on the
surface. In order to prevent the formation of droplets, it is an
fmpertant task to increase the wettability of glassy Tiquid on the
solid surface. The solution of this problem {5 to add into the
mn?ten¥1ayer surface active agents which can deposit & monolayer
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- betwesn the molten-laysr and gas boundary layer. Hidalgo

between the wmolten-layer and the solid <urface. If the outermost
portion of the monolayer absorbed -~ the solid surface has a larger
critical surface “~~2.un of wetting than the surface tensfon of
Haquid, the molten-material can form a coherent and uniform film
covering the solid surface.

3.2 Literature Survey

Sutton(w)was the first to investigate theoreticaily the

steady-state melting of an zbiating semi-infinite glassy material.

He solved the problem by numerical integration of the governing
microscopfc balance equations. His solution was the basis for

the more complete and rigorous treatment of steady-state melting and
vaporization by Scala and Sutton.(u) However, numerical prucedures
are often too cumbersome and time-consuming, and approximate methods
of integrating simpiified governing equations often {ilustrate the
essentiai features of a process. Accordingly, Dorrance(ds)siap‘iified
the problem by making the approximation of constant shear stress

- across - the molten-layer which permitted a couette-flow type solution.

(%)wta!ned the approximate soiution by assuming a velocity
pmﬁ!e for the mlten-layer. Bethe and Adams'*”)integrated the
simplified equations by neglecting inertial forces and assuming a
teiperature profila, Rosenewely and Beec?;er(w)extended the method

of Bethe and Adssx to & composite system involving chemical reactions.

They assumed theve was an isothermal chemical reactfon zo?:gixistfn-g
alse

agtgmé; Adams' approximation for the turbulent boundary layer and
to & systse involving radiation heat transfer. McFarland and

e Ham&a(%} approached the problem by an approximate coupling between
- the momen s md enez*gar equ#tims !n the forz of a velocity ex-
| .f-pcscsm. :

Su*:tm"’u has sﬁm that all @pmxfmu mszs“*ies yieid valuss

of émtfng and ultmc rates m& are too m@ Mm‘sz, has
- shown tbat, in comparisos wmx transiens se‘isﬁm, &sttfm s work
: {@as!-ﬂet&\W) y‘kﬂds mm} a “s‘sults and *?;iss ts regard the
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ssary thickness of ablative material.
The transient state of the melting of glassy material was first
{'J). His assumptions for a flat plate molten-
layer were constant sheer stress and linear temperature profile
through the liquid layer. Ostrach, et 51( >) have investigated
the initial period of nelting for a system without mass transfer at
the gas-liquid interface. He integrated the unsteady energy equations
and steady-state momentum equation without inertia force. Adams(bb)
a2lso integrated the same equations by a numerical method. Chen(57)

studied by Desison

has transformed the general governing equations by ievy and Mangler
transformations to obtain a numerical result for the transient state
of a meiting and vaporizing ablation.

Although the relationship oetween viscosity and liquid zblation has
been thoroughly expliored, the use of surface active agents for increasing
chemical reactions or we*tauility of glassy 1iquid has attracted 1ittle
attention. Stave)dfng( » 59) has a brief discussion of the surface
phenomena of abiating liquid and states that the addition of certain
oxides such as Fe0, 820, should improve the performance of the
moiten-layer.

3.3 Directiom for Comtinuing Regearsh

Even though a number of theoretical investigations concerning
the moiten-layer ha;é appeared durirg the last dacade, no o-curate
exparimenta} dat2 zre availabie foo caaaarxaea with these theorfes.

The difficulty of mean”iﬁg the temperature profile within the

ligquid laver {s ons yes&sun far,she tack of accurate data. In
addition, the melt flow fs generaily not smooth but quite frregular.

In order to have a complete study of the molten-layer, the development of

an experimental techafque is an essential far the coming year., ¥e
hope to obtain accurste measyrements cf’t&mperavh$g protile, va’cﬁity :
profile, cnd Flow- arf rate of the molten-layer. o

 As has been mentiomed fn the last section, the- thecretical
<tud3es alane cannot previde relfable results far pfacticn% apg!iw

: cat;ons In these fheor%es. tmstant prﬁperﬁes \exeept yiscosity) afu_ .

theo} ten- lagse are asswped.  But heat cacactty, and heat caad&w%:ysty’
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60) has

of glassy liquid are 211 functions of temperature. Citron{

shown the difference between constant--and variable--properties

sotutions for the molten-layer is appreciable. A11 the previous

1h¥astigators assumed the glassy liquid to be a Newtonian fluid.

They &lso assumed the viscosity of the glassy liquid as an exponential

function of temperature, and neglected the effect of pyrulyzed gases

which penetrated through the molten-layer. But at high temperatures,

glassy liquid behaves as a non-Newtonian fiuid.(ﬁl) The viscosity

of the glassy iiquid 1s reduced when the bubbles of pvrolysis gases

pass through the molten-layer. Therefore, we intend to conduct both

theoretical and experimental studies of molten-layer by treatiny it

as a non-Hewtonfan fiuid. We are also interested in determining

the effect of the penetrating gases on the behavior of molten-material.
We are interested ‘n finding somz surface active agents which

can either promote th. chemical reactions or change the surface energy

of molten-material and charred surface. Since gases exist within

the molten-layer, 1t will aiso be necessary to find out whether the

- pyrclysis gases do have any effect on the surface phenomena of the

molten-layer. Do the gases form a monolayer between the molten-

material and charrad surface? 1< any gases play an important role

fn the surfsce phenomena of the molten-layer, then methods to con-

tro! the rate and composition of the gas should be employed.

C~hu.
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Mbstract

incressing use has been mede of sblative
materials, such a2 phenolic-silica; to protece
structuxes from high heat fluxes and high tempers-
tures. Potentiaily, the heat cen He shsorbed to g
considersble extent by endothermic chamical resc~
tions which convert a portion of the wolid materia!
to gas. Typlcally, the following classes of
rea:tiona are thérmodynemically feasible:

1. deccrpoeition of lie [eeia tc form porous
char and gsaos,

2. thermsl crecking of or reactiods smong the
pyrolseis gasss a8 they flow through the
poroue char to the expoved surface of the

- ablative composite,

3. char oxidation by the pyrolysic gas:s,

4. veacrions between the cher and eiiica
reinforcenent.

in psrticulsy, rescticns of Cless & are Lighly
sodothermic but have been found to be reletively
sl except at very high tawmperatuvres.

Preiizinary experizsmis have been parfcrued in
sn attempt to catalyze the char-reinforiement gece-
tiomms, particulavly the folloeiag reactieon, which
leads to 3clid silicon carbide:

) " 56 P 3

510?{8? + K
%y intreduction of trsgsition-watal comprunds ints
the cosposite sblasive structure, signd ficant
reductions {n chay depth hawe besn sessured by cha
ue of & ¥g-Xe lame imege furnace, Sondittois weie
such thrt surfaos srceton vas segligible. The

- experisintal tvends awre cowpared with thesmatiesi

predictions based oo an sblation-model copuied
PregTem, mhidv fazivdes & prewim:& for ihe mswn

vesction of Tiess & )
j_;__jﬂ-f:z?gggum

For wolasively ehort pertods of vime {on the
ardev of o6 Biiute), structures vy be Sretocted
by sblotive wiierisle frim cootinvnue &mu:u i
high hest Fiwmis sod high tespersturse;  Muck
looger tiwds cam be rolecated Lf the asposwss dx
periodic-or intermittemt. The sout oeenonly used
ablative matertais for theawt-chezbar twaalstion
wod linieg m%mtm hivs bess oomposlien of
elsstomes endior pleaiic Beld togethei by a

reinforcament. Oue such composits is phesclic-
silica~-s high-purity silica cloth ispregasted with
phenol-formaldebyde resin and subssquently -ured to
2 tough laaizated structure. A great desl of
résearch has Leen sad Ls being condusted to dewwiop
{aproved ablative wtcriﬁi which are tsilored for
partirular spwlicgtions. :

in wea, the incident radiative amd/or conven-
tive ghermal energy le shsorbed by the sbletive
composite to gowe ¢xtent by surfacs and ingarnal
endothermic cheaical resctions. For composfites
containing plastic resin snd inorganic reinforce-
meate, the folloseing clesses of internal chamical
reoctions are thermodymamically fessible:

1. decomposition {prrolysis) ?E the resis to
form cher snd geses; ¢.g,,'°/
11i0°F

resin '--—-"-%

(Ci00M85.4017. W)

(Cro08es. 101:.882), char + (x;B; + x;00 +

BHa0 + 2 Q¢+ wgCallg + xgMy ¢+ 27 organic+d
x300; + 333y + xjp srovatics) gas; {1)
2. tharmal crackiosg of or resciicas amoung
pyrolysie goies a8 they percclate through
the insulative porous chay to the exposed
surface of the shistive compusize; e.g.,

Buggy T Crey F Bagy @

Bensane + 982(” sm,w. ‘ {3)

€3]

3. char oxlidation of the pyrolysis ganss; ¢.9,

. L s e .
‘—{!-) » mzi;} 2(29“) {‘}
{0 o : 3
,c‘(s} tEEL T Dyt 20 3
k. Tasctions batween the char ad reiatorce-
wnt; 6.2,
;5. &, = . %
ssqm AL Ll sm‘.&) + m(‘), {8}
T e - . s (7
’?’*‘2{.; Py Tyt -?mm m
HMOpgy ¢ Wiy WGy, Y 10y (B

#N! gubaequent tusctions:

A porstow of m.‘: work wak aww:%.:ml by ANUAH, ?mﬁmct Thands, wader Soatrser Fadb0-63-C-0027.

*Proiessnt of am&cd &uahncrium Bewbac AL,

"ofcesently repaaréh englamey, B 5. Woral Urénmce Liporatery, Stiver Sprivg, Xnnlmd.
sEaaently greduste uu{mt. ﬁninntw of Califormia, umm. California.
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éis’:“ ¢ 28103, v 310

Py @
5050y * B2ey) ¥ 3810y (0

in the dovalopesme of a2 wderstonding of the

“Snzeveal dhlaticn prosessss, tha resstions of Clase

3 hawe recsived Ihe goee sttention. Thsss pyreive
sis rocctions age vy fmpevimi becsuda they
ptadece & persmc shar vl con quite olfsctiwely
feouksts the virg!o soapesite &umuy from he
bigh-sciergy asterual envigomeant and thershy
suitadl the ewrrall lazersal sblstion vstse.

01 the thres clecess of postpyroiytic chemical
resctions, those of Class § ave comsiderably &sre
sadetberwic thae the veactions of tho othar tuo
closeas. Yor this m‘?}-ﬁf‘ 4 teacticon have
vecaived sos atteatsion €
kinstic, mmé practicsl sspacts of m- canr-
refaforcament Teactisay are reviswed bRriafly (n
the following sactioss. The potsstial sdvencages
of catalyzing the formstion of silicom carbids
eccordieg to Equation (8) are discuséed. The
rasults nf pralinisscy ratalysis sxperiments
involving the e of trewsition-metal slemeste
aad compounds ave pressatsd.

Zatisarad stamdard heats of resction at 23°C
for ssveral internsl sblation reections sre swmer-
13ed in Tabla 1. 1f it 1s ssewned that one gram of
resia wxdbrgres pyrolyeis to & char coutainiag 0.43
sreame of eathben, which is mubeoquantly oonswmed
sccording to the resction of Squstion (8), e
ratio of the beat ghacshad by the O-840; recctics
ummmomcwmmunnmuu
approximstaly S.3.

TABLE 1. STANDARD MEATS OF REACTION
- FOR INTERNAL ARLATION REACTIONS.

'iuaga ﬁrg cillgmrasla

208"
+17,809
~137,134
31,3
+130, 214

(#134,000)
+132,518
+329,124
4146 310

g quuov»guu

um ta
g

Beecher snd 3 conridared du

separsts tharmedrammic qaxum ot the $10,-C

. resctions givem by Egwetions (6-~8). Thay strasssd

the impertascs of the squilibrivm sachoc-weasxtids

precsure i concludnd that, if the Mlastics of the

resctigie weats Tepid, the fernation of eflicos

carbide would be doainant swas & temperstere Tange

of sprroxinstaly MOD°C t¢ JON°C. Tédls 2

M&omwmmbnu
8 otuation gives by Rosensveiy end
Banchar’

VRS A" A - oo B -

1 -
- 10871 - 15,100/T) an

vhere p., is 1o atw ed T is ia *%.
TABLY 2. PREDICTED REACYION TIMES

AHD EQUILIBRIUM CARBON-MONOXIDE MRESSURE
FOR C-$10, REACTIONS.

= !

Zsspereture Besction Tiwe, sec K#m&
*

¢ | *c | 50 201" | et
2,5011,371| 491 {1,631 | 5.0
2,600|1,427} 206 g8 | 2.0
2,700(1,482] 129 429 18.9
2,00]1,538] 0.3 | 2% 3.3
2,901,593 .8 1» 1.4
3,00001,848] 23.2 7.1 1105
3,100{1,703; 1.0 .o (175

*
Depletion of carbon in tha presence
of axcess $iC; and negifgibie reverse
reaction.

s
Por Equatica (8).

Other antigators“"'u"U) have approsched the
thersodynmmic equilibrium problem by an alternats
techuique of calculating the equilidrium compostition
for & epecified fnitial composition of C and $10,,
allowiag for the productice of all poasible chenmtcal
specien. Wide temparsture and predsurs ranges have
boens coversd. Uafortunately, soms discrcpancies
smong caleulazions exist. Neported results of
Ladacki{13) at a pressure of 3 psia show thac the
foraation of $1C is favored cver s temperaturs reage
of 2350°F vo 3108°F. At 150 peie, this temperature
ronge 1 shifted co sbout XY o 3356°F.

It appesrs that, on the htasis of all the
reported thermodyaasmdc calculations, depending ca
the total pressure, 4 teupsraturs axists vhere the
silicon-casbide-frruatica ranction given by Squstion
{8) s tavorsd. Umfortumscialy, precise prediction
of this tempuratuss is currantly is doubt.

ks sdergtio

Probsbly bacawse of msalyticsl d{fficultiny, &
thorcagh favestigstios of the kisatics of rhe -840
rasctions kev 20l beem Baort“ The scudies of
Sescher snd Bonsasweig( of Blusenthal ot
al. (1) ngve been confimed to vacuws conditives for
& tempevsrurs rasgs of 1390°C to 1200°C {2372°F 1o
IM1'Fs. The yeantitstfve extent of the .rsciions
bas beon largely momitored by carton-woeoxide
pressure.

The iaicial un&y‘” lodicated thst the {orme-
tion of $iC wes very rapid (£ e tewwarsture tangs
whare it ves tkcnn#{'?dwu domineat, HSowever
tha subsequest atwdylid} 144 to o re-sxaminationtil)
of the inicgial resvits. M & resuit, the kisetice
of tha C-110; reaction were fousd ts ve relazively
slow ancept et very bigh temperatures, whevs $10; Ls
in o sitem but wery viscows stats,

A coavemreat firet-order kisatic sxprassion
for the doplatiocs ¢ carhon u the C-$5i0; reaczion
hes been suggested by Joutc(1®) | hased om the
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results of Rlementnal et ai. (12):

{,n _ 815 «00] c (125
4

dc
—TC- i5.5 exp llo-

wheve C 13 the carson spavial demsiiy in grams/cal,
t i3 the time in aours, and I is 7hé tempersture ia
°R. It 48 set ~ertailn to vhich of the powsible
(~510; reactfuas RTquatiom §12) mp’iu The
rzeulte 5i cgleuistions baxed on Iguation (12) of
the times required for 50X and %0 depletior of
carboo sve given in Table 2, covering a tempersiure
range of 2500°F vy 3100%F (the approrimate range of
the experimentgl kinetic tests). Also incliuded in
Table Z is the corresporuiing equiitbrium carbon-
monoxide pressuze, as pradicted fur the 10~

formation rescrion of Equatics (8) by Ecvatieu (il),

For ielatively low pressures, Table 2 iniicaiss
that, for the ugusl wshovt-time-expocure applica-

tions of ablative compoeites, the chemical resctlon

governing the forastlon af S1C muy be 2o rlow af
the predicted thermodynauic on-off tesperatuis, zs
is discyssed by Beecher xnd Kosenswaly. }

iy. Praciizal Considerationg

Desoire the bigh endothermicity of the C-310;
reéactions, their desirabiiity in oinative compo-
sites {s not necesurily justifsed, Ax is pointed
aut by Gutman®} '*). 1f the C-S10; reactions Jeud o

& breskdown of the :sinfarced—dur structure, with
aubseqnf,xst surface ervaion (sbilstion), then the
overall sblation rate way ‘ncrease rapidly snd
bec~me in Qle:abj.e. However, as is discusses by
Ladackt (1 J, in cases whaere dismnxiusnal integrity
i3 not esszntiel, the sFiiticnal endothsrcic heat
sink provided by the {-%iC; reactions wuy sore than
compensai¢ for any resuwiting surface eroston.

To date, a thorosgh study of the desirsbility
or undesirsbility of the C-8{C; reactionas for the
entire runge of re-entry and thrust~chzzber appli~
catlons has not been rezoiied. It would sppesr
that =5z porential area of desirsdilfty =ight be
ia thosa regions of thrust chatbers where suslace
srosion {s generally not expsrienced snd where the
interne’~-insulation welght should be optimized.
Such situstions are common in smsll liguid-propel-
leat zpace engines snd s the thrust chambeyr sod
Lisst tuba of certain selid rocket aotors, vbere
the heat fluxes sré not too savere. [he importaace
of weight reductioe {n _-,ogsé—mc’h:'-mﬁ; fosuie
tion wvas discwssed recently by Bribar.

&y catalyszing the silficoe- carbide-formesion
reaction, s given by Equetion (8), #o that ft is
rapid al the lower teawpsratures axperisscsd, it sey
be poasibla to vhtein the endotherwic banetit acd
corrsusonding reducticn in dhar degta {snd, thare-
fors, & reducticm in vecessary vall thickness). 3y
carefully celacting the ellics-to-reein retio in
the composize, (¢ mxy even e pomsidle to eliminate
the porsibllfily of auwbsequent £1C reectices, vhich
can rasuit ie rapid surface eroriom. Cowpositos
vith silice-to-rusie ratioe s }ﬂ s 0,54 ware
forw:lated >y McAllister 2t ai. and phoweed good
lari~e cn&ucuruueu

1. gxgﬂmul wors
Becawce of the potetisl beneflt wbich sdght

ba gaised by tha vapld formsitar of 5iC st m os-
of { temperatars, & studs of vossirle catalyitc
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wegns wes initiazed. Experimsnia emducted by
cutler{18) a3 1956 with silics and cerboe showed

that transition metals weye effecrive g ceislycing -

the synthaein of oilicol cardlie. Therefors, it
was pelieved thst trsmsitive merals would be effore
tive gioe with silics and char ie pyoclysed hls
tive composites. Acesrdiugly, prelimisnny wxgwri~
rents wers conducted iu the pmnnt work w a8t
this hypothegis.

Preparation of Compesites

Tue types of cowpogiiss werw fabrfceted;
namely, prayreg and hand latd.  The prepreg sw
were wmade by cutting Y. S. Poiyseric MSRMIE L o
yrepreg (a digh-siliva fabrio-reinforeesd pretreg
eapleving 8 MIi~B-$25% pheanlic resin) {oto two-
inch squareas. Traz:aitim*mfml SELKIYSTS Were
toth sides »f the squares. - The caw~
pounde tectad wers i, c:zoq, fﬁzdaﬁiii five
pooders), and Fe (F100 smd 357 =2 ™). These :
prwders were rubbed oato the prepr . with a éop.
ectton cloth, This method gave tha - et umifors
covering nf several methodr trisd., Sampies come
tainiag 7. iU, and 15 loyers of preprog gguares go
prepaved were paired with couirsl saspien sontain-
ing no potential cetalyst additivz sad ssre .
ourbered {37 ldentificetfon purposss. The samyies
were sured by the acthod escribed below. o

The hand-laid samples waré pispsead by cxrelir

"high-purity stlica cloth inte twe-inch eduyres and

applying che powdervd necal cowpounds sxd t;gs.is
plenolic rasin in ope of the fwlil mh’.ﬁ theae -
sanuers ’ :

1. The powder wae upplied dism.th to the
cloth by the sxme ptace&urc 3 =8 vsed to apely
it to :.ht ;rapm;. The rasin was Matsﬁ on the

cloth with & rylvn brush.

3. The powder was sunpendsd Lo scéteme. The
aaspension vas spplied to the cloth by scakiing sed
then aliowsd to 4ry. The resic var thes Srushed sa
the clocth as bsicre.

3. The povder wax sukpondsd ta the resin, asd
tha resis was brushed on the clogh

The resic wsed wis U. 8. Polﬁlld: r-32 (&
MIL-2-9299 phenclic reaia). As in the cesa of the
preprej, coapasiies of 7, 10, ed 13 laywrs wers -
prapared md paived with simiiar samples coutsising
s wetal compounds.

Esck of the comgreitme containimg porassisl

catalyate was cured sisulzamsously with Iwe
oy comtiol sdmgle. A Whirebead and Conpany

¥odel D-193% laminatfag preas was ueed £ the cweing
proceas. After tha platecs wers prelestod to 307X,
the patyr of somples wis sandwiched bavwesn two
layers of sos—tsat-sealing, high-tamperaturs coile
phace in ordsr te protect the pletive fise the’
sxceas rosin. A presesce of 30 paig wio applist
to the palr of ssgles and & t2wpersture of sbout.
XX0°7 wae mainteined for aué hour.

Prepsration for Tasting

Before the vanglies wvare tastad at hiwrg
flux, ssveral grepmilisn stess vers mv&m

Sew e

D M VAT o s e




j‘.mgmmmm»w&nﬁamme compozits

J vl g oebon-steal osre 4riil. The discs were

OO fletal <6 2 savple bolder, foscribad belov, by
peinking thee ©3 & proper Sismtar.. Cach ddac

o uge webered et wsighed on 5 Mstriar ¥-5 balemcs
T tefews heeelng. Befwwm vhe Siocs were cut owut, the
wwd&amiuﬂﬁmmw ™is
wee arpomsitabsd by weighley the slsb and teking
L ssoamata wsercivensis of ite dsemafcie. The
silice- tiber soacesd &f thw compevite alad ume also
deteratirad by doibustion 18 & aiffle furviace &
w*xmmm

Tmtieg

: ~!t:mmumkeswiunmtw~tm
furanse, 18 whish the worgy fles was prodroed by
& g-Xa lomp. Badform {lumet vy to M cailawl-ser
pesld Be prodivosd. . The disc samples wipe held in

pmuwmﬁmrummm
Sesting by ¥ Esrpls boldar. Thtc Bolder cuisisted
of & szeel plate wAtS & hels ot on i dieweter

";ic‘lhdmadwﬁ%e!ﬁnm T :

mmcﬁm;wﬁ!mSw&s»m

. A #isc sample vie pleced in the swgie bolder and
secund with ¢ set-scyaw. The holder war then :
pmwmmmmwr&&a:wtm{m
b chanbet we purged with ultroges fsa o fnaure
- imert s.nrwlu for Luativg.. Th& gased of
mm;sﬁumtmmfmmmma
LAt teha.  The bead ﬂucwmiMintMm—
tnlnmﬁ'mmh—‘m -

ﬁsmanﬂmﬂﬂaaux fixe of
i3 calfond-one, o' uurd-d by a eupptr miors-
antar calfyreiom.

mm;a«aw- *qm werw velghed
befors amé aswed L ta 80 M t0 Avposs 2 oAUzl
teees sdction of tHe dhar leysr. The smwes surface
o eamded amooth. Tha dopeh ¢f evs cher vae
nessvind with o Becnell sceps calidrerod ia 6. i-em
wmits. . .

. A cwibsr of sawples vwrs momtsd ia Luctits ad
Bakalive. Toexs smpise weze paltshed for wore
sciple analyeis. PFhoto-sicrographs ware weads of
the msunted samplas 3y wee of kigh-spead Polsrols
flim. Yeasu 3owits of the cac desths ou thase

- photo-microwtsgia vars wsed to evistantists tos
T relatsve dogth e uTeRnty sade with ths Bormeil
sonpd .

ﬁMMa.NW“mw-

it aampled cantainiug tremsitics-metsl powders
ware lase thas their correspandiag cxatrel samples.
{a sll cases, swfacs regiossion vas megligidis.
The percantings of teduction is char dapth (s tabo
latad te Tebie ) ad rowged free 33 to 358, setal-
18c trvon gowder of Fi50 sewh rexuitsd 1» cthe
grostast har-dapth reductive, with an etwsage fox
. faur taosts of 133 nductios, The setelliic sutdm
hmGy, Crs0s, PagGy) swaraged ddewt VT Xer-deyth

& plot of char dopth W. axposuie tine sppeats is

e T W N W AT m s s e e g e A WA v N aead e as ot ot e, e oA s a

q%a»..»;u;. ....,J»..'.;

Tigure 1. fver wost of the region studled’, char
dapth varied with 2xposure tise to the V.¢ power.
In this case, Figure 1 ¢hows that, vith incressed
sxpasure: cims, the differencs /7 chey depth betwean
the satalysed sad the comtrol sxeples incroseed.
The percantagr of char-depth Teductisn rewy .ned
ihout cha eum. Wk the $100-weeh {rom, the char
depeh mduction, 83 sees &n Tebls 3, sppeared to
increass wiik ssposure tiue.

CTABLE 3. ERPERIMENVAL G -GEPTH FELAXTION,®

o e Exposurs | aar-depth !lgductxfm
Cagalyst saterial Time, sec pRTCENE i
Fo,04 18 1.2
s 3.0
15 2.5
Yo 05 (Namd-latd) 58 5.0
15 7.7
2ry9y [ 1.7
- 12 0.8
3% 21.0
: s 4.8
w0, 25 1L
- LI 39.7
Fe (00 Koah) 3 5.5
15 12,5
. R 18 17.3
. o &5 15.6
P (P200 k) | - 5 1.7
' i : 0. 8.2
F o) 1.6
4. C® 15.8
- 1 12.5

[
Sate are. ch ’mm &(aplu sxcapt where noted
for basu-iald. .

R

o Y ol . i —d —
° o L  J a0 % %

o ~ TAE, Sec
FISURE | ~ DPERMMENTAL CHAR DEPTHS

Yi. Computer {s'culstioms

M existing ceaputar rm-‘m) basad oo a
&tailnd sexhenaticel madul of the isternsl chemi-
cal sblation procosns was wtilised to predfcr the
eifect of the char-williecs vesctions (purticularly

g g e




the silicor~carbide~formation rzsction) on the
char-depth, time relatiouship. A rsadiative heat
flux of 44.5 caljus’-sec (1.14 Bru/ia%-sec), which
was cowparable to the experimental tests, was
specified with s typical 70/30 silica-phenclic
corpogite. The resulrs of the calculations are
plotted in Figure 2. At a 60-second exposure, the
predicted char-depth reductior 1s about 1& perceat.

&
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1 i 1 L} ¥
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1 4
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3 7
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0 J L 1 d i
(o] 10 20 30 45 80 80

THME, BEC

FIGURE 2 - PRDICTED CHAR DEPTHS

¥11. Conclusions

The results of preliminary exneriments indi-
cate that it may be posaible, in certain applica-
ticns, to reduce char depth in silica-phenolic
ablarive composites by adding tra-i:ion-metal
corpounds to cetalyze certain char-roeinforcement
reactions. The concept may also be applicsbie to
other reslin and elsstoaer saterisls which are
reinforoed with inorganic materiais.

The experimenta urilired omly crude aethods of
introducing the catalytic cosgpounds, and chemical
analyses of neither the residus aur the emltted
ganes were performed. Ouly the cher-depth reduc-
tion wak used a8 an indicator of & cateiyzic effect,
The use of Lron appearsd to give the greates: re-
duction in char depth.

Further work in thia sres is continuing.
Current enphasls is op the use of transition wetals
in such forws a¢ srbonyle, chelaten, fertocenss,
and cxalates in order ¢> fscilitate a2 more esaily
contrellsd catalyst tatreduction. In addition,
chesical-compos ttion ensiyees are osctersary to
determioe actiyval vverall chamicgl wsoges. The
resilts 6f the preliminery #tudien are crosected
& this tise (o sncourage consideration of poesible
applicatione swi further discusaion of the char
reinforosesst resctices.
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APFENDIX &

1,86 PSLATION COMPUTER PROGRAM ‘

in order %5 guide *be~*1*sc;iaﬁ of Task 3, zn ex*stiﬁﬁ ore~ éiﬁer%a@rss
charring abiation computer program is being utiiized. This srogram was
developed under &lr Forge Contract Ne AF04{611)~3714 {0 1684 under the 7
supervision of the Primgipal Investigator of Task 3 while ke was eﬁ%%ayeé '
by the Rocketdyns Divisior ¢f North &mericanm Aviation.

The computer program was based on a cumrshensive and ﬁetai!ad m&ti@a
matical model of the primavy physical smd chemiegal processes securring
within and at the surface of an ablative wall af & rocket mctor or thrust
chamber. Only esszntial features of Ihe program are describzd here,
vospliete details are prasented in Refersnce {i).

The internal mcde of the model sccounts for the heat transfer, chemical
roaction, and flow processes which occur within the ablative wall material.
g Th2 curface mode serves as a physical and/or thermochemical boundary
é : condition on the internsl mode at the heated surface by accounting for
g the interaction between the wall surface and the hot combustion gases. A
1 schematic of the model indicating the mechanisms considered 1s shown in

Figure 1. ‘ |

The internal mode is based on the following one-dimgnsicnal, rectangular i

; coordinate, temperature-dependent properties form of the tharmal energy
; squation:

LA APV AUk s g e = ame n e mres e e e o e

g

9 3 7 3 T N
60 = 5y (K350 - O 3y ”%"J () (1)

in this equation, the first two terms account for the transient heat
conduction within the wall; the third term accourts for the convective
cooling of the psrous, chavred portion of the wall by the pyrolysis gases
percnlating through it; and the last terms account for the productien or

g

T A A e

ﬁf % absorption of heet by the various chemical reactions that occur within
the wall.
g Three types of internal chemical reaction are included in the model:

{1) uyrolysis of the ablative resin, (2) cracking of the high molecular

* Gee Homenciature tor definition of swmbols
cB-1
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weight constituents in che pyrolysis gas during percclation through the
char, and {3) reactions between the reinforcement material and the

carbonaceous partion of the char. Although .ach of these groups of
reactions actually involves many different simultaneous or consecutive
reactions, they are each representad in the model in terms of an over-
all chemical reaction for simplicity. The rates { vy ) of these repre-
sentative reactions are formulated in the model with the following
arrhenfus-type, kinetic reaction rate expressions. For the pyrolysis
reaction,

h-1 n [ (aE)
Poy = Ppy {oplo (Tglgy L(—E,—Z \ exp l'—R‘TE'Y‘ (2)

X

for the pyrolysis gas cracking reaction,

(AE)cr
Fer = Aep pg 1 €XP [ R1 (3)
and for the char-reinforcement reaction,
* pc 3 (AE)SC
r_=A__p { ——1;\ exp | - —g ¥ — (4)
sC s¢c Ve P

In these expressions, the symbois pi* and oy represent the true pure-
state density and the actual spacial density in the composite wail of
material 1, respectively.

A'so, included in the computer program is the option of deleting
from Eq. 1 the kinetic-rate term for the gas-crackirg reactions and
accounting for the heat effect of these reactions by assigning an
appropriate magnitude (which may vary with temperature) to the pyrolysis
gas specific neat. This is equivalent to assuming that the rates of
the gas-cracking reactions are equilibrium controlled rather than
kinetically controlled.

To account tor the variation with time of the composition, and, there-
fore, the propert’es of the composite wall material resulting from the

gt ke st e,




chamfcal veactions, and to account for the production and motion of the
pyrolysis gas, matarial-accounting or f‘continuity" equations of the
following forms are also included in the zblation model. For the solid

corponent mutarials,

| —-‘l “ E (rf)j "j . (5)

and for the pyrolysis gas components,

3¢ 26
2+ 53 ‘%"91’1 " (6)

where
J = py,cr, and sc
i = p,r,c,ands
gt = g1 and g2 (uncracked and cracked gas specfes, respectively.

Alse ircluded in the ablation model are the momentum equations

: |
} 3-!; (7)

: Lﬂ P 14

B4 * - { W
which are based on a ;hwﬁﬁed theory of slow flow through porous
media, the state equation:

& K
p = .%‘.4» 2 RT (8)
T g

which 1s based on the ideal gas Taw, and the porosity relationship:

SRS |
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which 1s based on cbvious geometrical considerations.
The over-all thermophysical properties of the composite wall
material appearing in Eg. 1 are obt.ined 7rom the relationships

(DC)ﬂtngg*r‘sptp'*cC*-o € +o, C. ] {10)
P ' Ps A
K'[PKQLEE‘KP*@"KT o‘K*s*x (m

wnich derive from the assumption that the values of these properties
are equal to the volume-weighted average of their values for tie
component materials. The thermophysical properties of the fidividual
component materials zre calculated from smpirical expression:s, fitted
to experimental data, that are supplied to the computer program,

The surface mode is primarily concernad witl evaluating *he rate
of heat transfer from the hot combustion gas to the exposed surface of
the chamber wall and the rate of surface erosien resulting from
vaporization, chemical reaction with the combustion gas, and/or
mechanical action such as melting and shear flow. The heat transfer
to the surface is calculated, in the general case, from the relation-
ship:

a7 - ‘
- (K)A (g"y)a = 0g Ug (St)tr [(He - K+ i*Gg)A [Hg =R

4 4
(Gp) chem CHy = B * 0 ¢ Fos Lo - (M, "3 -

Fe (1),

tn Feo (12)

The total chemical enthalpy terms (M ) and the mass rate of
surface erosfon as a result of chemical resction. [(Qa)m] which
appear in this equation, are evaluated from a system of relatfonships
derived from the well-known theories of chemical-thermodynamic equili-
brium, chemical reactior kinetics, and boundary-layer-type heat and
mass transfor. The effect of transpiration blocking of the convective
heat transfer to the wall surface is acoounted for through the use
of the following empirical equation for the Stanton number:

cB-5
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e 0.3 "‘u‘o'z T
N A K I (R (13)

 For cases where the reinforcemnent material melts at the higher

temperature {e.g., the silica-based meterial. ), thews is also included
a method whereby the effsctive rate of surface erosion from melting
and shear ﬂm c!s } ch] can be evaluated. The total rate of surface
recession mxﬂt%a@ from these two types of surface erosion, chemical
reaction, and m!tmg, {s then obtained from the reiationchip:

p,,-,,; et Cdea] (14)

in which m *!ctor & is the linear measure of the position of the wall
surface, RSN

N ua!qnc mrica‘l aperoach {s used to solve the above set of
coupled nonlinear partial differential equations for the internal and
surfaca modes of thg ablation process. The new technique involves the
siswitaneous application of the Biot variationa) procedure for the
virgin ard backup regfons and numerical finite difference methods em-
ploying the Crank-Nicoison implicit procedure and including predictor-
corrector techniques for the char region and pyrolysis reaction zone.

The above ina!ysis was programmed in Fortran IV for automatic
computation. The printed output from this ablation computer program
consists of the location of tha wall surface and the complete interna!
spacial cﬁitribuﬂons of the temperature, porosity, pyrolysis gas
pressure, flowrate, mass concentration of cracked and uncracked
pyrolysis gas spacies, and the bulk densitfes of the various solid
component meterfals. This information can be printed out as often as
the program user desires with respect to simulated sblation time.

For the specific application of the computer program to Task 2,
1t was found necessary to modify the surface boundary condition
equation used during the initial heat-up period (prior to pyrolysis)
$0 a8 to permit only & radiative input (such as would be the case for

arc-image ablation tests). After making this modification, & serfes

B-8
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of 4 base case rums were made for 30;79 yvenolic~af?ica uader
conditions of no char-reinforcemen? reac*ions and no surf&ea

regression for radiative heat inputs of 19, 20, 40 =nd 80 ca!fsec-cmz
The inpul lata and pronert1es utilized aie l!steﬁ'in Teble 1. Calculated
char depths and surface temperatures are uiatted in Figures 2 and 3
as a function of time over the range of 0.1 to 100 seconds.
Additional calculaticns are currently underway which {nclude
rapid char-reinforcement reactions. These vesults wil) be compared
to those shown in Figures 2 and 3. In aédit?sa, based on the disaassion
under Phase I above, it now appears nocessiiy to make fu‘ther m@d!firatsea

to the program t. permit the use of a saries of “@act‘on rate exptessﬁﬁas

for resin pyrolysis.
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TABLE 1

DATA AND PROPERTIES FOR BASE CASE RUNS

Phenolic resin density
Silica density
Pyrciyzed phenolic density

Phenclic resin specific heat
S1lica specific heat

Pyrolyzed phenolic specific heat
Pyrolysis gas specific heat

Phenoifc resin thermal conductivity

Silica thermal conductivity

Pyrolyzed phenclic thermal conductivity

Mass fraction of phenolic resin
converted to gas

Kinetic order of pyrolysis reaction

Activation energy of pyrolysis react on

Pre-exponential factor of pyrolysis reaction

Heat of pyrolysis

Initial ¥all temperature

cB~10

0.043 1bm,in3
0.079 1om/in’
0.076 Ybwm/ir’

0.3¢ Btu/Tu"k
0.25 Riuf‘%w-ﬁﬂ
0.60 Btu/ibm-"
1.0 Btu/lbm-Sx

-6

2.0 x 107° Btussec-in-"¥

1.2 x 103 Btu/sec-in-“#

3.5 x 13’5 Btu/sec-in-"R

0.47
)
9.9 x 1% Btu/1b mole
14 )
2.8 x 10 sec
450  Btu/lbm resin
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A =

A T

C =
(4E) =
F =

4 =
(6, =
H =
(a#: =
eH)y =

% oW w o :ngf‘“ -
H

A

Bty =
Sthy, =
T =
y »”

Greex Symbals:

I‘ -
.
.

NOMENCLATURE

area
reaction rate frequency factor

specific heat

reaction activation energy

thermal radiation shape factor

mass flux of pyrolysis gas

mass rate of char surface erosion

total specific enthalpy

heat of reaction 4
effective heat of reactinn of all of the char surface
erosion processes |
therma] conductivity

permaability coefficlent of char

molecular weight

kinetic order of pyrolysis reaciion

pbmsity of char

,;sséssu;%

universal gas con.iant

volumetric mass-rate of 2 crrwical reaction

Stanton mamber witherl [ranspiration

Stanton number with transpiration

texperature

velocity

perpendicular distance from surface into chamber wall

mass of a product substance produced ner unit mass of
a reactant substance consumed in a chemical reaction
Virear spasure of the char surfsce recession

char depth
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a =
PR
vp.=
LI
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Subscripts:
c =

e =
chem =
[ ]
3 =
g5 - =
gi =
91 =
g2 =
3 =
3 =
moo=
mecn =
0 £
p .
ny =
roos
S =
¢ =@
se =
W £
3 =
é k-1
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thersal emitsivity

Staphan-Boltamann constant
viscos®ty

aceual spacial density
true, pure-state density
tine "

pure ¢arbonacaous char
pyrolysis gas-cracking reactions

-due *o chemical resctions

frea-stream combustion gas

total pyrolysis gas

betwsen combustion gas and char surface
ith component of the nyrulysis gas
unstable component of pyrolysis gas
stable component of pyrolysis gas

ith component material

Jjth chemical reaction

composite char moterial at chamber wall inside surfeoe

due te melting and shear flow

initial value

resin or plastic

pyrolysis reaction

reinforcement material

selid products of char-reinforcement reactions
char reinforcement reactions

between char surface and nozzie exit
combuction gas inmediately adjacent to char surface
&% the reaction-virgin regions interface

at the char surface
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1.0 INTRODUCTION

The objective of this project 1s to develop « method for probing
a combustion chamber by microwave techniques. Suck techniyues have
been used for many years to measure the fonization density ard collision
frequency of the exhaust plasma beyond the exit ;lane, and 2laborate
p. obing techniques have been developed at many ‘ocations to measure
attenuation through the flame for a minimum path length as well as for
an oblique path Tength and as a function of distance from the exit plane.
Ordinarily such measurements assume the pla:;ma to consist of one thermo-
dynamic region. This simple model has been impioved in our laboratory
by including the effect of thermodynamic shock waves in the plume to
obtain a more exact value for the ioniza*ion density and collision fre-
quency at the exit p]ane.(]'4) feassnihle ag ‘eement between theoretical
predictions and experimental measuremonts has been obtained.

In addition, analytical techriques hava also been developed to
include the effect of temperaturt cn the total ionization produced by
the constituents of the flame. In gensrel these results are difficult
to apply because of the difficuity of knowing all the reactions that
are taking place. Pariicular s:uccess was achieved, however, where ther:
was only one source o° electrons from the ¢lame constituents. In this
case, Saha's equaticy relates the degree of ionizatior to the tempera-
ture.(i) This fact suggesti: that motors seeded with alkali metals can
be used to produce a singl? source of alectrons. Experimental verifi-
cation of this technigue has been achieved.(d

The basis for relatinrg attenuation measurements to the fontzation
density and hence the tewperature is given irm Section2, The applica-
tion of these technigques to the measurement of the chamber conditions
is the present objective of the project. Ultimately, techniques will be
developed to account in the analysis for the presence of pressure waves,
non-uniform combustion, and source and sink reactions. A directive
antenna Tor making the measurements has been developed and the design
15 also included in SecttonZ  This project is continuing, and measure-
ments on a 1 pound charge will be made in the near future.
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As a result of 2 special interest in the possible use of micro-
waves for nondestructive detection of voids in solid propellants,
& feasibility study was undertaken to inves. jate this possibility.
The results of the study are included in Section 3.




2.0 MICROMWAVE DIAGNOSTIC STUDY

Plasma characteristics are eastly datermined using microwave tech-
niques. Changes in amplitude and phase of microwave radiation are
caused by the presence of the plasma, and th2sa changes can be related
to various plasma parameters such as electron density, coliision fre-
quency, and temperature. Microwave diagnostic techniques are widely
vsed and have the important feature that no physical contact with the

plasma is required.(]'4) ‘

2.1 Thecretioal Basis for Miorceave Uiagnostic Measurements (R.W.Grow)

The basic machanism involved in the interaction of electromagnetic
radiaticn with a plasma at microwave frequencies is the induced motion
of the plasma electrons. The resulting electron current is out of
phase with the field and hence appears in the weve equation as an
additional displacement current term and the apparent dielectric con-
stant of the medium is changed to

Cplasma = S0 | °';§’ )
where ,

» = radisn frequency of the microwave radjation

vp = plectron plasme radian frequency
_This 1s an exact expression vor a homogsneous plasma with no electron
collisions. The change in phave angle along & path of length L within
the plasma is given exactiy by the equation

w?

ge = WL T 1--b (2)

where k -.wa;?; » 1y 1s the permeability, and ¢ is the dielectric
canstant, : -

For plasmas of appreciable density and temperature, it is necessary
10 account for the electron collisions with gas molecules. Consfdering
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Q_!&zzsllsaﬁ gas which is characterized by a constant collision fre-

~‘§ﬁéﬁsy<§; independent of electron velocity, the wave equation is
“dascribing the propagation of electromagnetic waves in a region contain-

ing 8 uniform charge distribution is

(r2 + k2)g » 1uuoov _ (3)

whare E 15 the electron field, o is the charge density, k is ther phase
constant corrasponding to the velocity of light, and T' is the propaga-
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~at two different fregquencies o

tion constant. The electron velocity v is determined from Langevin's

. equation

ﬁ% + ng(v)v = ef (4)

whare @ and e are respectively the mass and charge of an electron.

If glv) = v, a constant, then
, e
= | (5)
v wtv

énd the wave equation then yleids a solution for the propagation constant

r. Thare are two unknown plasma parameters vy and v. Two measurements

- must be taken to find the two parameters and one may use attenuation

or phase measurements or combinations thereof since the solution for T
is of tie form T =g + j8. One possidility is to measure the attenuatton co-

 efficients ey and ay at two frequencies @y and was respectively. when

the electron conduction current is much smaller than the displacement
current the equation for o is simplified greatly, and when a is measured
and v are given by

P 2 2
. 02&2 - ul“i ‘
3 - “1 (5)
2 L ac of * 2 (7)
wp N Gl "

The method described applies for the ideal case of a Maxwellian
gas with the cclliston frequency being independent of the electron
velocity. There is demand for microwsve diagnostics of nonhomogeneous
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plasmas containing many constituents which are non-Maxwellian. The
theory must be generalized considerabiy if any meaningful microwave
tests are to be made of plasmas of this type.

The wave ejuaticr &s given by Equation (1) 1s still valid for
this case and for v we must, in general, use the Maxweli-Boltzmanr
average velocity.

® 2
I N I
< mz3 JS(n) =S dy (8)
[¢]
For convenience. one can define
<v>-§n(a -1D) ($)
Then for v constant
1
B - 1D = T (10)

and the results shwm prevdously are obtd ned. Actually v is not a con-
stant, but is givan by

y =

~
»~

3 Y v

(11)

where o, and Q; are the density and collision cross-sections of the it
plasma constituent. The a"S are determined from the gas composition

and the‘functional behavior of"‘Qi for some common gases is given in the
foilowing table where the coefficients Cy are functions of temperature.

-ty

Gas Q
CQ, H2 .C‘i + Cz v
,N2 C3v
- 1
CLZ C“v
H.0, HCI cv?
2" : b}

A weighted average collision fraguency may be found in terms of the
temperature &nd qas compoéftion.' By carrying out the integration to
obtain <v>, B and D may be found in terms of the gas temperature. From
the wave equation, the attenuation o and phase a'aiong a path of length
L are alven by _

d-5

yjﬁv&s«.azw’wb.m;mvu. PR

F R S tr o LT PN OOV TC ISP P PN P P et MR AN




bl R LA LU S

G A ol

Lianiaitiduds L ki dlids

ol ot il e D Liaay

SIEINCRE Wy v i e

St

%:} ) éL/“ i" %) ] “(:ﬁ)m- a} o gg)“(uﬁ)é i

¥

For a given frequency o depends on s 0 and T and measurements at
three frequencies are required to cbtain values for these parameters
only from attenuation measurements. When the perfect gas laws
describe the plasma adequately, o may be expressed in terms c¢f T and
only two measurements are required. The attenuation §: increased
when aither the electror density or the collizion frequemcy is
increased. »

In the case of a rocket exhaust plasma the effect of a shock
layer can be aralyzed by noting that there is now attenvation in both
the central region and the ocuter region and the tctal a«ttenuation is

+c (14)

Stotal ~ %1 ' °11 -
where ] denotes the central region and il fs‘\}s outer rﬁgfc& Since
the gas cenditions are discontiruous across a shock layer, there are
now six unknowns, “p, “prpr Ppr PIp TI. and T” . Using the asstmp-
ticn that the outer régian is at atmospheric pressure, using the
Prindti-Meyer relations and using the perfect gas laws gives thres
unknewns which may be wp , “py and T, s6 ¢ that tﬁrae—f-‘éq;:ency mea-
surements may be used to‘so%ve for these unknowns at any part cular
position. :

These results have only been applied to the discnosis of the
exhausi plums. It {s the intent of the present project to apriy them

to the :oabustion chanber {tself. The fact that the nicrﬁsave measure-

mant is €sient’aily made external to the pla-ma without perturbing it
has cousiderable significance. The difficulty of making rejiable
temperature Deasurements inside the combustion chanber nas lad to the
presert study of the feasibility of making these me2sursmonts.
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Prelimina~y investigations have been carried out on the problems
of fitting a smali-s~ale motor with ceramic windows to provide a path
fc~ microwave energ: through the combustion cnamber. [Ipitia] measure-
ments will b2 made on motors with fuel charges of the order of one
pound. Geometrical problems associated with a chamber size for this
amount of fuel ana the possible beam widths for microwave energy have
been investigated and the problem of making meaningful measurements
in the time required for the charge to burn 1S also being investigated.
For microwave radiation with the wavelengih considerably less than the
dimensions of the propellant charge, good resolution can be achieved
pesition-wise through the piasma. Time resolutior is primarily a
function of the amplifiers used in the system. ODemonstration of feasi-
bility wili involve showing that microwave attenuation measurements
can b- successfully made at 73 GHz and 70 GHz through the combustion
chamber during the testing o7 the motors.

The experimental equipment for meking measurements at these two
frequencies has been selected and the arrangement of the equipment
and the motor for making the experiment is presentiy being designed.
Since the size of the motors is restricted to the order of vne pound of

3, the antennas to confine the

propellant with a voiume of about 5 in
radiation must have considerable directivity. For this reason one of
the initial phases of the project has been to design a suitable
antanna. A reasonably directive pattern can be achieved with a bhern
antenna. The pattern for a fairlv large horn is shown in Figures 3
and 4 of Section 3. In order to focus the radiation through the
small volume of propeilant more directivity is desiradble. For this
reason, & dielectric horn antenna with focussing properties has been
designed.

-

2.2 Anzemma sign (H. 5. Roew and A, K. Grow)

From Rhodes'< experimental patterns. optimum dimensions were
selected for both K and £ plane flare as a function of flare angles
% and 2y respectively, and horn length L as illustrated in Figures }
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Figure 1. Drawing 11iustrating the parametars for a horn antenna
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Drawing of a dielectric horn insert to be inserted

L Figure 2.
; in the antenna {llustrated in Figure 1.
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, and 2. An optimum horn with a 14 deyrees half-power bsam width in
4 E poth the N plane and E plane shosld have fiare angles of b = 36°
E and 8. = 28°, respectively, and a length of 7.8 wavelengths. The

f_ directivity of the horn antenna may be increased by inserting a di-
: elsceric lens intu the horn as fllustrated in Figure 2. To cbtain a
4l
4 parallel beam of radiation the electrical Tength of the paths must - §
4 be er3l. Then, 3
i L' _ (L' - x)sec y + X (
E = - 15)
] * M *o
g where .
: A, = #ave length in free space _ !
g ) Ay = Wave length in dielectric material :
- A
s n = 3= = index of refraction
% Solving Equation 1 for L' = L + x yields

L{n sec ¥y - 1) (16)

L' = n-1

i
: Equation 16 expresses the length L' as a function of ¥y A drawing of
| the optimum X-bard horn for a frequency of 23.6 GHz is shown in Figure 3.
| The data for the polar plot of the dielectric insert is given in Table 1
5 and a drawing of the dielectric insert to obtain a paraillel beam is shown
in Figure 4. This horn is presently being fabricated to invastigate
the actual focussing characteristics.

In addition the theery has also been deveioped to obtain a focused
beam of radiatfon as shown in Figure 5.

By means of the techniques of geometrical optics, one finds L' =
L +x

nLsecy, +(D-L)secy, - p ]
h - sec ¥, - (in

L' =

This equation is presently being solved to obtain the design of the
focused horn antennas.
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TABLE I

Radius (Meters) ! Angle (Degrees) Radius (Meters)

R v R

13 0.11719
0.12285 14 0.11633
0.12282 15 0.11543
0.122N1 16 0.11448
0.12254 17 0.11350
0.12229 18 0.11247
0.12198 19 0.11140
0.12160 20 0.11030
c.12115 21 0.10917
0.12064 22 0.10801
0.12006 23 0.10683
0.11943 24 0.10562
0.11874 25 0.10440
12 0.11799

¢ 00 N Oy O AW N

el el
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Subsequent to the demonstration of feasibility,within a few
months the effuort will be made to include the presence of shock waves
and non-uniform combustion in the analysis, and attenuation measure-
ments will be made at two or more frequencies in accordance with the
complexity of the model used to describe the burning process. It is
expected that this research will be performed ir conjunction with
Tasks 1 and 2.

The theory of wave propagation in the exhaust plasma 15 basea
upon a knowledge of the electron collision cross-section prorcities
of all the gas constituents. The model being used includes the effact
of the cross-section data to obtain the electron temperature. The
previous work with exhaust plasmas accounted for the electron source
and sink reactions in the flame. It {is intended, as the project
progresses over the next year, that in this case also the chemical
reaction processes in the flame will be integrated into the elactro-
magnetic wave theory.




3.0 FLAW DETECTION BY MICROWAVE ANALYSIS

As a result of a current interest by industrial organizations
and research laboratories in non-destructive test and inspection tech-
niques in solid fuels, for both Tatent defects as well as internal
dewetting, we have investigated the possibility of detecting cracks
or voids using microwave diagnostic techniques. The major problem
with such techniques {s that of achieving sufficient sensitivity to
detect small defects. Several methods for making such measurements
are possible. The method we investigated was based on conventional
standing wave measurements. I an electromagnetic wave enters a sec-
ond region that has a different dielectric constant than the first
region, a reflection is produced.The ccmbination. of the incidant wave
and the reflected wave produces Stand1ng waves that can be detected
by suitable instruments. If the transmitted portion of the wave
leaves the second region and enters a region like the first a sec-
ond refliection is generated. These two reflections will cancel
each other {f the thickness of the second region is zero, otherwise 2
net reflection is produced by the combination of the two reflected
waves. This reflection can be used to detect the presence of a defect.
The interaction of the reflection from the incident surface of the pro-
pellant and the combined refiection from the crack can be used to
determine the depth of the crack below the surface.

3.1 Theoretical Analysis of Crack Detectiom (C. H. Durmey)

The principles involvad in measuring the dimensions and location
of a crack in a dielectric can be illustrated by consideration of
plane-wave reflections from infinite dielectric boundaries. The
configura.ron - shown in Figure 5.

In this development Z will be used to denote the characteristic
or plane wave 'mpedance of the various materials, and ¢ will be used
to denote tho dislectric constant. The magnitude of the reflection
coefficient in Region I can be found from ZI' which is defined as the
plane-wave impedance at z = 0. ZI can be found by trareforming
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impedances. At z =D + W, the impedance is Just Z,,, where Z,; =

¢u°7e is the characteristic impedance of the dielectric. At z =0,
20] is transformed to ZD, where ZQ is given by

. . ZOO 201 + jZOO tan kW (17)
D ZOG + jZO1 tan kW

where Z00 = /“0750 is the characteristic impedance of free space, and
k = w/uoeo . Atz =0, ZD is transformed to ZI’ where

2., [z + 3z tan gD
2y = oflé? T jzglca:nanj] (18)

and 8 = «/u_¢ . The magnitude of the reflection coefficient in Region I

0
is given by
':l - ‘ZI(ZOO - 1 (19)
/
EZIfZGO + 1

and the standing-weve ratio by

1+ [pf
5= 1 - ip! (20)

For narrow cracks, kW << Y and Equation 1 can be simpiified to

l_ .
, . Zoc [P0 * Y2eo W
E D o0 ¥ 1o, VN
[
(21)
2
Z
01
2~z +1{z2.. -2 Y
p "~ Zo1 00 " Z,

Equations 17, 18, 19, and 20 were programmed on a computer to
determine th> behavior of S as a function of frequency. Some results
are shown in Figure 6. It is clear from the values for D and W accom-
panying the curves that the period of S is related to D and the ampli-
tude of the ripple in S is related to W.

Some insight intc these relations can be obtained by considering
two limits -- a crack of zero width and a crack of infinite width.
When W ~ 0, ZI = 2'.0] and

% d-15
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Thus for a crack of zero width, S is constant with frequency. For
s/c0 = 12, S = 3.46. This is the average value of $ in Figure 6.
For an infinite crack, ZD = 200 and

Z gz 200 + jzm tan BD]
I T0) [z, + 2., tan aD‘J

A 2 €
i (‘Z’Ql> - l] tan @D j(-e-g - 1) tan BD

= 99 - L. (22)
A FA € € N\
01 01 e "o
2—+ 3]l == ) + 1 jtan pD 2if~ + = + 1) tan D
ZOO KZOO J € (e )
: |
— < l}{tan gD
o) » el (2)

€ 3 2
Q O -
4 P +(-—;~ + 1) tan BD

It is clear from Equation 23 that |p] and hence S 1s a strong function
of frequency because of the tan gD term. When tan gD =2 ¢ '-1 = 0 and
S = 1. When tan gD + =,

Thus for an infinite crack, S is a perifodic function of frequency with
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Figure 6. Geometry used in calculating plane-wave reflection
from a crack in a dielectric.
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2 maxisum value of e/so and a mirimum value of 1. The period of § is
found from

[ <

[l

.D u(_:‘: 20‘ :;‘
t
Q

where ¢ {s the velocity of iight yn free space. Therefore D can be

found from
D = —Spme
& 1:' (24)
o o

where Af is the difference in frequency from one peak to the ~2xt n 5.

When a narrow crack is present, ol is much more comQEScaﬁ%d thas
the expression in Equation 23 and Equation 24 is not strig*’y trus,
However, as shown by the curves in Figure 6, Equation 28 g:.2% & gnod
measure of D for the cases shown. To a gond approx%ma:%éai the period
of S is related to D by Equation 24, and the amplituds of the ripplir in
S is related to the width of the crack W. The Tarus» & is, tha lavger
the magnitude of the ripple is. When W = =, tr~ aug.itude of ine
ripple in S - c/cd - 1.

Some exampies will 1llustrate how D can be fou.d from fhe curves
in Figure 7. From cuwe@ peaks occur at 71.02 and 70.44 GHz.  Herce
2af = 0,58, and using Equation 24

10}
3(10 ) = . 15,95 ea

(. SBY(3.LBI1O

Thus D 1s obtainad from the curve and Eguatios 3% 15 14,85 o compared

to the actual vajue of 15 cm, rrom cur‘ve@.. Saf s F1.08 - 70,35 =

0.73 GHz. Then Equation 24 gives D as 11.89 o= compared 10 the atiual
value of 12 on. Similarly, from curve(3), £:F = 71.02 - 70.44 = (.58 GHz,
and D + 14,95 cm as compared to the actual value of 15 om. From curve

d¢-18
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(@), 2 = 71.08 - 70.36 = 0.72 G4z. This gives D = 12.05 as compared
tc the actuel value of 12 cm. This illustrates how the curves of S
versus f can be used to determine D.

3.2 Verification of Antemna Capabilities (C. H. Durmey and R. W. Grow)

The main effort has been to demonstrate that sufficient directivity
can be achieved to make meaningful measurements in a particular direc-
tion either with a one-antenna transmitter-receiver combination or a
two-antenna <ombination with the transmitter and receiver connected to
separate antennas. In addition it was desired to demonstrate that
reflections from a crack could be observed with a directive antenna.

The initial experiments were attempted at 70 GHz where a well-
designed horn antenna shown in Figure 8 and with antenna patierns shown
in Figure 9 was available. A klystron and most other necessary com-
ponents with the exception of a slotted line were also available. The
effort was sade to modify a slide screw tuner for use as a slotted line,
but this proved unsuccessful. The effort was than made to make con-
firming experiments with 26-40 GHz equipment. A <lotted line and a
klystron were availeble along with other necessary wave guide compon-
ents. The major problem in this frequency band was tha unavailability
of an antenna. An antenna similar to that available at 70 GHz scaied to
the 26-40 wave guide band was fabricated from sheet aluminum. Exper-
imental results indicated that this .ntenna was not really as good as
the prototype and had considerable 10ss and some inherent reflections.

The effort was then made to make experimental measurements of the
refiections from the blocks of propellants. Figure 10 shows the mea-
sured VSWR from two 3" x &" x 6" blocks placed such that the energy
passed through the 3" block, encountered a crack, and then passed through
the second 3" block. Comparison of these results with the theory of
Section 3.1 was very encouraging, particularly since the frequency spac-
ing corresponding to the period checks the theoretical value for a 3"
spacing between the two reflections quite closely.

10
D = c . 3 x 10 55 em = 2"

wﬁ: 2 x 0.85 x 10° x 3.5
(o]
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Figure 8 Basic design of 71.4 Gc horns. 1
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Figure 9. E-piane patterns for M-band horn antennas.
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Figure 9. H-plane patterns for M-band horn antennas.
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Other measursments soon demonstrated, however, that this rippled
behavior was independent of the block since the same periodicity
was characteristic of one 3" block, one 6" block or anything else
except no reflection, in which case the match was close to perfect
VSWR = 1,

These facts suggested that the material was considerably more
lossy than previously measured and reported by other workers. The next
effort was devoted to measuring the loss of the propellant around
36-40 GHz. A block of propellant the size of the wave guide cross
section was fabricated 0.46" in length so that it could be inserted in
the wave guide, and a short was also fabricated. The short proved to
be very effective with a VSWR of about 80 to 1. The propellant block
was then inserted in the wave guide and the data of Figure 11 were
recorded. These results indicated that the reflection of the propel-
Tant was about equal to the refliection of the short attenuated with a
double pass through the propellant. Since the expected YSWR of the
propellant s about 3.5, then the effective reflection coefficient of
the short is

w

wn
1

—

- = 0.55

p=

W
W
—

Since p = 1 from the short, then the two-way loss through 0.46" of
propellant is 5.2 db. Hence the loss is

L db
db 5.2 _ db
om0~ %P 1

An alternate approach may be taken. The period for 0.46" is

Af £ L. 3)(1010
€ 2D 2 x 0,46 x 2.54

10

- 1,28 x 10

- 12.8 x 10° GHz
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134 J¢7¢° = 3.5, then

ot « 423 2 3,66 Gie
Although the klystron did not tune over a wide enough bandwidth to
obtain & complete period, it is apparent that the half period 1s greater
than 2 GHz. Estimating that the peak VSWR must be close to 7.5 gives a
value of JE7E;'- 2.74 rather than 3.5 and a period of 4.66 GHz, which
looks more reasonable than the 3.66 GHz above. Following through on
this logic would give a reflection coefficient of

2,74 - 1

P= iy 41 " 0-465

and a loss figure of

L
Zdb _ 6.65 _ , , db

In " 0.92"° *“1n
Thus it appears that the dielectric constant around 38 GHz is close to
/7.5 and the loss 1s close to 7.2 db/in.
These facts explain why the crack was not observed in the initial
measurements reported in this section.

3.3 Peasibility of Miorowave Techniques (R. W. Grow)

The informeiion presented in Sections 3.1 and 3.2 is encouraging
in some respects since the theoretical basis of the method is proved,
but the physical loss of the propellant is mich larger than expected
and increases the complexity of any experimental system for applying
the technique. At least two possibilities exist for overcoming the
loss. These are as follows:

1. Filling the horn antenna with dielectric material.
2. Amplifying the observed frequency-dependent
variations.
The effort will be made to show how these facts can help solve the
problem.

The first possibility is important because the major problem with
a large amount of loss is the large reflection with a VSWR near 2.74
that occurs at the front face of the propellant. If the magnitude of

d-26
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this reflection is reduced, the net result is an effective amplifica-
tion of the ripple that will be observed. Since alumina has a dielec-
tric constant of about 9, then the effective impedance transformation
would be from 3 to 2.74, which will minimize the amount of reflection
from the first boundary. One other technique that can be applied is
to reduce the size of the incident wave in the detector to account

for the loss of the wave guides and horn antenna.

In addition the horn antenna filled with dielectric will be one-
third as large as the unfilled horn, ence again improving the realiza-
bility of the microwave detection. It {is still proposed that the
technique be applied at 70 GHz so that the size of the horn shown in
Figure 1 would be reduced by one-third.

The second possivility cited earlier can be utilized either with
the first possibility or without it so as to amplify the variations
thus received. The experimental setup is illustrated schematicaily
in Figure 12. It is believed that the device proposed can be ."ade
into a reliable instrument.
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Figure 12. Schematic of the proposed experimental setup.
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PREFALL

A fundamental grobiew in the practical use of solid prupellant rocket
siers 1s that of stress analysis. While bailistic properties are equaily
critical, the motor must be a sound mechanical system, capable of under-
goin: tne purely mechanical 1oads which may be imposed. This immediately
secsssitates the avility to analyze these systems. Moreover, since the

minimization of weight is desirable, it i{s important that analysis be very
good, thereby allowing optimization with a large degree of confidence.

Initial analysis techniques applied were those of linear elasticity.
The results of such analyses naturally did not reflect the problem
accurately, due to the viscous nature of propellant materials. Subsequent
use of linear viscoelasticity proved generally profitable, a1thaugﬂ
erroneous results still occur for highly solid lcaded propeiiants. it
seems clear that the theory of nonlinear ;iscoeiasticity is nﬁcent1a?!y
move useful, and that further study is desirabie

For the above reasons, the study £isoessed herein was undertaken. It
is intended that the mechanizal  and therma) characterization of prmpeliants
be carried out, in & ciosely allied theoretical and experimental program.

The theoretical =&543its will guide experimental efforts and permit the

develummest of ruly desgriptive theory of nropellant behavior. At the
completion o7 thsse preliminary steps, the studies of continua
from the s—ihan c. 3 point of view will be extended to embrace the chemical
ar.d molecular morphoiogical aspects in cenjunctien with investigators of
Task 1.




B R M AT IS 5.0 oo ot i 1501 rm 50 sin o ot o s

TABLE OF CONTENTS
TASK & High Solids Loading in Propellants

PREFACE
1.0 INTRODUCTION

2.0 DEFORMATION AND BALANCE -FOR MON-POLAR MATERIALS
2.7 Constitutive Equations

2.1.1 Introduction

2.1.2 Basic Axioms
2.1.2.1 Axiom of Equipresence
2.1.2.2 Axiom of Objectivity
2.1.2.3 Axiom of Memory
Theoretical Problem
Thermodynamic Restrictions
Experimental Aspects
Current Experimental and
Theoretical Program

NN
- - * L]
s 2wt
- . ® z
o b

REFERENCES

S Wwwm&wmwzﬁww ST RS L W AP AITE T SRR T R TN TR e TN 4w R e, i 2 i e N s ey 7L

——t

~ECh U WY O WY U

10

14
15

e e




s et e il b

Mot o i Wy ot vt Al A Y

B s

PR - NCAR iy e

ot AT ARYEN Mt A an el

2R LRATARERN £ G AL TRetey]
)

1.0 INTROOUCTION

As a loaical prelude to engineering use of the equations of state
connecting stress, strain, time, and temperature, a determination will be
made of the proper mathematical formulation for the governing constitutive
equations in conjunction with appropriate laboratory tests. These results
will be integrated with the objectives of Task 6 which is concerned with
high rate and high stress inpuis to rate and temperature dependent materfals.

2.0 DEFORMATION AND BALANCE FOR NON-POLAR MATERIALS

Consider a material body, B, with bounding surface, S, consisting of
particles or materfal points possessing continuous mass density, o, in all
configurations. In the reference state at time zero, t = o, each particie
will be Taheled with a position vector X having coordinates XK. K=1, 2,3
referred to the origin in Euclidean 3 - space.

Where the spatial vector of 2 geometric point location in the 3 - space
is x with coordinates Xy o k=1, 2, 3, the motion of a materfal particle of
the body may be designated as

x = x (Xt) M
which describes the location, x, of the particle X at subsequent time, t.
These are called tulerian or spatial coordinates.
An altermate form for the motion is
X=X (x,t) (2)
which describes which particle, X, occunies Tocation x, at time t; Lagrangian

or material coordinates.
A motion of the body B is thus a continuous sequence of configurations

G NN -
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in time denoted by x = x (X,t) or in component notation by x, = xy{(Xg,t).
The deformation gradient (Eulerian) is the spatial partizl derivative
of the motfon, x, of particle X with respect to the neighboring particles,

) 3xk(XK.t)
ok E X (3)

The Lagrangian deformation gradient is the spatial partial derivative
of the material at point x with respect to neighboring geometric points;

X, (%, ,¢t)
_ ez
"ok F %, (4)

The chain rule of differentiation yields the relatfon

X1 e b MGk, XL T S (5)

where § is the Kronecksr deita.
The square of the distance between two materfal points f{s dS2 with

2
ds” = ¢, , dx,dx, (6)

~ where 5 g%t 2 Gy = Xy Ky g the (6-a)

B Cauchy deformation tensor and the distance between two points in the deformed

configuration is

2
ds” = Cy dx, dX, (7)

with | Cr (Botd = €0y = Xk %L, Greens (7-2)

deformation tensor {bsth are symetric and positive definite).

The Lagrangien strain tensor is then defined as

wm

2Eﬂ, Cn (lit) - Gn_ (8)
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and the Eulerian as
2, T 8y " Gy (X01) (8-a)

Continuity of matter is expressed by the positive semi-definite require-
ment on the Jacobian '

0< JgM;M<oo0 (9)
o Xy
with J=z —= dét —— vhere p. is the reference
p aXK 0

mass density.
The other balance equations necessary are (Reference 1)

Balance of mass:

Balance of momentum:

bk o (fy=V) =0 in B (1)
Balance of moment of momentum:

by ® tzk (non-polar) in B {12)
Balance of energy:

Clausfus-Duhem inequality (Rate of Entropy production) in B

q ‘
ovioﬁ-p%-div 520 fn [ (14}
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where BCB - o(t) with

o(t) a moving diggontinuity surface {n B and

Vi

[ ni
bl
Fad

%
o

“ e O Om

velocity = X X

at A

= stress tensor

body force per unit mass

internal energy density/unit mass

inward directed heat vector to surface S
energy source/unit mass

tamperature

entropy/unit mass

Tocal entropy production defined by Ea. {14)

The related jump conditions are, reiated to the above

Mass continuity jump on c{t)

[o¥len - [} ven <o

Momentum jump on oit)

[t}(i] ﬂk - [pvz«vlan + {gvt] Y,gg = 0

Moment of momentum on of{t)

Y * e

| ‘,En‘erqy Jump on o{t)

o Entropy e on o(t)

lon (v - ¥l - [S)en 50

e.4

(10-a)

(1-2)

(12-a)

(13-a)

(14-3)
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where

-n = normal component to o(t) of materfal velocity
ven = normal component of jump surface velocity
= entropy influx across oft)

2.1 Comstitutive Equatione

2.1.1 Introduction

Whereas the deformatfon and balance equations are restrictions on the
motion of any material, the so-calied constitutive equations cre necessary
to specify the characteristics of a given class of materials. It 1s in this
area that three different approaches may be used, namely

(a) Axfomatic - which ensures intemal logic and consistency,
but which may not describe any material of interest or
may be fn error based upcn unfounded axfomatic choices.

(b) Empirical - which will generally correctly describe the
materfal behavior over precisely those inputs used to
determine the constitutive laws in the first place, but
will probably be fncorreci beyond that domain. Aiso the
"laws" are unable to violate basic physical premises.

(c) Boot-strapping, - inwlves coupling of the axiomatic
approach with carefully selected tests to both verify
chosen axioms and to elucidate alternate mechanisms.

The third approach 1s the primery method to be used in this presernt
research program.

2.1.2 Basic Axioms

2.1.2.1 Axfom of equipresence'?!

“A quantity present as an independent varia‘cle in one constitutive
equation is so pmsent in all, to the extent that its appearasce is not
forbidden by the genera! laws of physics or rules of invariance”. ‘

2.1.2.2 Axiom of objectivity(!)
The motion of a body shall not reflect the differeme in obsewers o
(or in another form, the frame uf reference).

e-5




Where x and x are two different frames of reference, they shall be
forced to coincide by a rigid body motion, Qk, and a time shift, b, where

%06 E) = 0 (t)x,(X,8) + B, (t) (15)

where O{t) fs a proper orthogonal transformation, b(t) is a transiation, ond
t fs a time shift with T = t - a. The axiom states that all constitutive
equatfons must be form invariant for all Q, &, and a. HNany of the older
rheological eauatfons and “ad hoc" 3-dimensionalized viscoelastic squations
violate this axiom and hence have doubtful meaning in a physical sense. The
transformation, 0, obeys the rules (t’)T = § transpose)

0gT =" 0=1 det Qs+ (16)

(for | det Q| = 1 we have spatfal fsotropy).
Invariance with b implies spatial hosogendty (not materfal homogenetty)
and the ¢ shift {mpl fes time constancy of the materfal. This last time

~hift would not be removed for materials with aging characteristics, however,*

because the shift would refer to a reference state, tr, and would only shift
3 nexly made material to a new reference state tr.
2.1.2.3 Axfom of Memory

cs;ssical elastic materfals possess no memory and respond only tc the

 forces {mposed at the present time. Viscoelastic materials, however, can

be shown to possess mesory or hereditary chargcteristtcs(”. Some materfals
have been:gh:_uctorfzed as having a fadino or short term mrym with a
rather thorwqh thermodynamic treatment. Lastly, a visooelastic materfal may

" be considered rate dependent and respond to all time derfvatives of the
force at the present time or fom 2 constitutive equation in differentisl

w&ti@ﬁ forms (”
it is in this axiom that thc problem of material characterization arises

when cowled with.(14) and (14-a) the Clausius-Ouhem fnequal ity.

| ¥ Hats: This is an example for which abserntfon mld restrict the

axioms used.
e-5
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2.1.3 Thegretical Problem ,

Consider a material where, to generalize, we assume the present value
of stress is determined by the entire past motion history of the entire body,
then

t(X,t) = f(X.t,x(X,t-s)) , ogs5<00 (17)
-t o e -B

where § is a functional whose present value depends on the motion history,
X, the time t, and the particle X. Thus memory, aging effects, and
inhomogeneity are included.
We next assume that the mxtfons causing stress are short range in
effect so that we need consider the hiztory of motion X only in the . . -~ .~

M

neighborhood ot X. Application of the objectivity axiom(5) then restricts
the generzl constitutiwe equation(17) to one where the history of the
deformation gradients rather than the history of motisn &5 such governs the

response(ﬁ).
Thus, (12) becomes

tX,t) = F(F(K,ts)) ; ocs<oo B e

where herefn F is the deformation gradient history at the material point X.

Sc that finally we have

tkz . Fn(ﬁ'y*x iy : R a (19’)»

where t - C(t-s) expresses the histgry of the Frvgn ég¥aw§a£1qﬁ tensnr..

The principal of equipresence can now be ;vfa%éf ty write the ﬁﬁai**ﬂ- -
tive equations for stress, heat f!oﬁa tnternal ﬁne?qy, ﬁﬂd ﬂnwrwgv in b
gifferent forms: {?) Hereditary mataria?s‘ or (?) Q3g$ Ga&?ﬁdﬂﬁ‘ ga?e*ié‘
2.1.3.1 Hereditary Haterials SR ;_g*;yl_; »;»~j --_w>%g

In this case, ¢ne has T I :

ber Flltsholtsh D X, B
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= Q(L(t-s); s{t-s), X) Xy | (20-b)
e = E(C(t-5); e(t-s), X) (29-c)
n = N(C(t-s); 8 (t-s), X) (20-d)

wherein the entire history of the strain, E, and temperature, o, for each
material point, X, are included. It is implicit in the above relationc that
the temperature history includes the gradient of the temperature, 3, .

2.1.3.2 Rate Dependent Material
1f the time histories are sufficiently swooth to allow a Taylor expans ion

of the type
e . t'-¢.P
x(ket') = x(Xpt) + (t'-t)x(xit)e. ..+ (5r) x(p)(xit) (21)

for all the independent varfables (sxfom of swooth memory}, and if the nefgh-
borhoods are assumed smooth encugh to allow a similar expansion about the
point X, we sbtain the constitwtive relations for rate dependent ~o-simple

mter{ais. namel ¥

Pl e e+ O N
O 0 cvagk'-*cvﬂ.t;’."""g’”

»}-'ch.k. S, & m
B A 1P
Sagy ‘*k,kz L 5‘;_{,‘ kq
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wherein the FKL Ok’ E, N are now rot functionals but rather tensor valged
functions of the P rates and U gradients of the independent variables with
! Py _ i
3 X ) Y
-4 at
The memory here comes about in a 1imited wey through the higher rate and
gradient derivatives.
He thus see that the memory functional under proper smoathness corditions
c~ time vields from '

o2 ’ ‘
cl{t-s) = ¢(t) - «£(t) +~§— oty + - -+ {2

the relatisn

T[ (t*‘S)j = ¥{Cs ts ‘C's ot .\

™~
Lo

where F is @ function. Similar vesults nold fur the gradient expansion,
Materials whose dependence on X vanishes (homogensity] end whose aradient
‘ dependence is at grezter than the first derivative are called simple
F E - ,pmat§r§a1s;aéﬂ will be used for the rest aof the expesition siace the main
e experimental points do not depsnd on the higher spetial gradients. Thus
the yatendﬁﬁeﬁdentfs§mg§e,materia1 cnns%%tutivé’eﬁuéf20ns become .
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and the simple memory type materials yield
ty, = Fo (Clt-s); o(t-s), e, (t-s)) Xk, X 2 (26)

with analagous expressions for ¢, n and q.

It should be remarked at this point that in actual practice there is
some overiay between the two forms of expression discussed above. For
exampie, assume 2 simpie hereditary linear material whose constitutive
equation can be expressed by the Lebssgue-Stieltjes integral ir the form

t= ;’ G(t-5)9¢(s) (273
Riesz(7) has shown in a 1909 paper that the expression (27) is the most
general linear functional possible with certain boundedness conditions or
2e{s). When the strain history has discontinuities in the strain or any of
its derivatives (as occurs in a constant strain rate test using two successive
values of the rate) certain discontinuity terms or saltus functions arise so
that the Riemann form of the integral then becomes

t ‘ r m
t = j G(t-s} 3¢ ds + I ait(si" + I b, &s,)
- : 35 f=1 jg] J j
v : q (28)
R P ()
, eon ng (Sk)

where there may te discontinuitics i# ;ny of the strain rate histories of
magnitude e(k)(sk) at time Sk back from time t. This behavior is commonly
seen in the case where a {= G(t) and the by = n(t), the relaxation modulus
and viscosity, respectively. Thus for certain non-smooth strain histories,
the hereditary furcticnal form of & simple 1inear material can lead to rate
effects explicitly appearing in the constitutive expression.

2.1.4 Thermodynamic Restrictions
Returning to (14), the Clausius-Duhem form of the second law of thermo-

dynamics, we see that this equation must be satisfied by all of the constitu-
tive equations 1f we 2re to have a thermodynamically admissible form of

e-10




expression. Upon introducing the expressions

*

C {23}

T E O My Xk K
t

b

where the deformation rate tensor is

e ‘
Go =5 (Vy o vz,k) (30}

and the free erergy, w, i3 defined
Y = g ~8n

A2 can rewrite {14} as

-8Bty o Jl,
5 (v + o) ¢+ _ ¢ v?’k ,

9 “ke ¥ qke’k >0 (31}

for all indenencent prncecses. (f furthemore, it is assumed that the
stress feactional jor t can be separated by assiming a stored energy pat
and & Jissiative part, then one can write (c=Green tensor fellowing),

; Ef(c: s G’L} + Df_,(cs é’ ¢, 8, 69 een ) (32)
2.1.4.17 Dlate T+p= Materia! Restrictions

Substituting (25}, with the temperature rates eliminated, as well as
the temperatu e gradient for convenience, and for 1ate type raterials

by = Faler & &P o) X n (33-2)
9 = Qlc, ¢, &, .clPl) "k (33-b)
¢ = e, &€, ..dP), g (33-c)
n o= N & Eoened®), g (33-d)

into  (31) we obtain expressions where the coefficients of the independent

g»ll
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variatles are set equal to zero since {hese variabies can be changed
arbitrartly. The coefficients then iead to the followfag restrictions ou
the constitutive equations;

. £
L 'g%,q_ Kok Mue * 5 ofie kXt (34)
pd .
9 * 0 {no heat conduction) (35)
e %y~ %} (36)
n o=-& (37)

a9

with the free energy,

) - {3€)
U

Ct
and the dissipation,
a+1)
sF n.'z"o -%!)cn (39)
|
We note that if¢ =@ =... = r(p) c g

then
ofig =0 and ey 2o n=1,2--, -
el
showing that the dissipation is at least 1inear in the strain rate but is

independent of strain. The free energy has no 1inear strain rate dependence.
For the condition ¢, & fo €=T = ...~ c(p)'o, (39) yleids

a -
ohibeL - %0 {3 ‘L ‘?RL} >0 (40)

Since & = 0. DFkLékL » 0 and dissivation occure. I€ & ¢ 0, we obtain

g w
DFkLéki_ - 2% {SZ'Z-L' Eu} > 0 and 5&;—— 0 (4])

»
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Thus the free energy is 1ndependent af hm; %m ci's‘ ipam%x& %im

and the stress is (for the equalfty)
. % ;
BT 20 g, MKk g “2p E‘ '?‘m_ ok & T LR

and we have that the second derivative sffocts the stress diss ipation.
Those familiar with classical physics will perhaps be anmyed with tﬁe
notion that certain state variabies such as the free snergy are hersin
functions of the strain rates and, implicit in the swooth time hisory
expansion, are therefore path depament
However, tentative acceptance of this result is !cgicaﬁy better then
either denying the existence of strain rate dependent materials (Maxwell
models) or abandoning the concept of equipresence wmifl experimsntal
verification causes such a course of action. ‘The usual Tinear theery uses -
only a ¢ and & in the function and thus avoids this problem. :

2.1.4.2 Hereditary Material Restrictions -
Appiying the same pmcedure %o (26! with e,k and X suppressed leads to

2L L 44y
O W W vy ML [ feum(siyls) ds - 164)

Ridiasete sy e

Where we have neglected higher order integrals, r is herein 2 stress potential
=PV

‘ Including the discontinuity terms of (28) again introduces second order
rate effects.

T T T T T I K T

2.1.5 Experimental Aspects

The second and higher order rate terms can be properly eliminated only
after experimental verification. The linearization of the thermodynamics
equations or other methods do not properly face the problem. The importance
of the results is obvicus in that too many thermomechanically coupled problems
produce several fold disparities in the predicted and observed resuits.

S e
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2 201.76,,;5&;m£ﬁ Experimental and Theorstical Program
: “The thaoretical development of beth rate dependent and hereditary
’;Emtgrials. with discontinuous strain nistories {s continuing. The purpose
ﬁerg"ii o sdlve various coupled thermomechanical strain inputs so that
chiervabie di#ferences in the response as comparad to 1inear theory can be
predicted. It will of course be desirable here to separate strain energy and
1  enteopy effects on the observed stresses. Experimental effort fs now
3 . under way-to explicitly evaluate the effect of both & and & (strain rate
F ' and second derivative effects). In order to accomplish this task two
aperational amplifiers have been adapted as a function generator for the Instron
tasting jach%ae. Ry this means a continuous parabolic input strain function
with contimious first derivative 1s produced. The second derivative is
discontinuous and of constant value between the discontinufitfes (but of
7; reversing sign). This test should definitively show whether any of the
materigls being tested are of the € rate type in the context herein.

Further tests relative to the coupled heat conduction are in the prel iminary
_ stages, including those pertaining to bulk compression effects. Since
’ volumetric changes are important in the analysis, a precision gas dilatometer
2 has been constructed and tests are currently under way on highly filled
pol ymers.

The resolution of the above probleme on a closely coupled theoreticai-
experimental approach is considered necessary before one can with
confidence handle the thermal stress probiems and high loading rate problems
of highly filied solid propellant materials.

Rai e e

e-14




REFERENCES

1. Er;r;gen, A. C., Mechanics of Continua, John Wiley and Sons, Mew vm,
1967. :

¢. Truesdell, C., Six lecturc: on Modern Natural Philosophy, Springer«?ieﬂ‘éy,
New York, 1966, p.42. ,

3. Voiterra, V., Theory of Functionals
Blacke and Son Limitad, 1930.

4. Coleman, B.and Noll, W., “Revue of Modern Physics,” Yol. 33, p. 239,

5. Leigh, D. C., Nonlinear Continuum Mechanics, McGraw-Hi11 Bock . Inc., ' g
New York, 1968, p.148, ;

y
£
e
- il
B
"
i

6. Eringen, A. C. and Grot, R. A., “Continuum Theory of Konlinear Visco-
elasticity,” Purdue University, Report Mo. 32, October 1985,

7. Riesz, Magy, Functional Analysis, Cngar, 1960,

RS sasie- Akhy b iy

e-15




N

TEE CYEMISTRY AND MECIANICS OF COMBUSTION
WITH
APPLICATIORS TC ROCKET ERGINE SYSTEMS

TASK & Transition to Detonation Mechanisms

6. A. Secor

October 1968

College of Engineering
UNIVERSITY OF UTAH
Salt Lake City, Utah

UTEC DO-68-0857




PREFACE

The question of detonation mechanisms 1s of direct fwportance to
solid propellant rocket fuels. .Conditions leading to detonatfom cccur
as a result of high frequency mechanical disturbances, such as strong shock
waves; which can be induced by direct environmental or tactical loadings.

The process of detonation is one whereby energy fs released more
rapidly than it can be carried sway from a zone behind the wave front.

The energy released then generates the shock shead or {t. The mechanise
by which this energy is made available {s open to question. Is fact,
there is perhaps no single mechanism that {s responsible for the process.
Various methods of production of the required energy have been postulated,
all aimed at producing “hot-spots,” small areas in which the energy 1s
concentrated, so that an amount of energy not sufficient for detonation
of the total mass can cause local chemical reaction. Such mechanisms
fnclude (a) coepression of interstitial gases, (b} intergranular friction,
and {c¢) high-velocity flow.

The mechanisms above seek a micro-explanation to the problem. A
poss1ibie macro-explanation to the same problem 11es in the area of continuum
mechanfcs--specificaily in the area of viscoelasticity. It 1s well known
that many materfals are most adequately described nefther as elastic nor
as a flufd, rather as a viscoslastic medium. Such waterials exhibit
effects characteristic of both regimes, yet are sclids. In particular,
these materials allow energy to be irreversibly dissipated in mechanical
processes. Hence, the study of the viscoelastic response of propellant-
ke saterials to high rate, high intensity loadings may throw new 1ight
upon possible detonation mechanisms.
~ The purpose of this study is to explore a mechanism in mich vucom
dissipation is the proximate cause of atmatfon. taking the theory of
viscoelasticity as a starting po‘fnt
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10 INTRODUCTION
This task involves an investigation of the mechanﬁsms mreby

mechanically imposed shock wavas can cause propellant materials to bemsne -
thermally unstable and detonate. The inmediate objective is to expiore &

viscous dissipation mechanism by femlating the fi:e’! equ&ti@ns g,tmfeﬂdng
the viscoelastic deformation in 2 cantinuum, with spec!fic attention.
focussed upon the equation of state and the effects of rate deamdenm of'
the several observable parameters. Our initial preswppositwn tnerei'cri’
s that dissipative effects due to viscoelastic material response canm
cause sufficient interral temperature rise to indice dewnatiﬁm 8y
fmplication, effects of thermemechanical \,eupling are deﬁmd mmm,

as well as nonlinearity {n material r&spome.

The project began with the baakgmun& ﬁtuﬁy s*’* gemf"a‘! aa*th,!es
related to detonation, particularly those in the ares of coupied. tftenw»
viscoelasticity and viscoelastic wave prwagatian, Two corclusions were
reached: (1) extensive literature axists in the theoretical arma of .
coupled thermoviscoelasticity, but the actual amount of m?aﬁsa wity
experimental data is rather small; (2) the analytical sa;'i;atiaﬂ of nmbim
in shock wave propagation is beyond the state of the art for materials sf
the type under consideration, leaving numerical im.ha?ques ai me {sﬂy
reasonable approach. ' '

It was therefore decided that study be directad fm&ﬂi **;cﬁas*imts‘

measurements on shock waves, the nature of varicus dissipatwe &manssss»e,

and an exploration of numerical analysis techniques.
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2.0 EXPERIMENTAL WORK

This particular phase of the project is being carried on ir conjunction
with experimentai studies into the range of linearity of viscoelastic
materials. The behavior of materials is viewed as presenting a spectvum
from low level otress waves to high intensity waves for which the materials
behave essentially as fluids. Thus the comparison study is conceived as
one in which the systematic exploration of the transition region is begun.

A facility is nearing completion by which both projects may be served.
The aim s the capability to test samples of representative materials under
shock conditifons. This facility consists, as shown in the accompanying
photos, of a gas shock tube which allows a traveling shock wave to impinge
on the end of 3 specimen. The shock is provided by rupturing a diaphragm
betueen a driver chauber containing high pressure gas and the shock tube
itself. For this task the aim of the studies will be to determine the
mechanical and state veriables {velocity, tsmperature, etc.) necessary to
evaluate the materfal constants 2ppearing in any proposed constitutive
Taw. In this area Tasks 5 and € share many of the same afwms--{.e. 2
deterwination of the specific constants which appear in any material
characterization. While Task 5§ 15 essentially involved only in state tests,
Task 6 1s concerned with dynamic tests. It is not possidble, in practice,
to fully evaluate macerial benavior by only static or dynamic testing.

In order to gain the above information, the shock tube is being
{nstrumented as fully as possible, Pressure transducers are mounted on the
tubz to moniter incident and reflected pressure, the output being displayed

~on an oscilloscope. Particle velocity measurements will be made by
ssgnetic techniques as used by other i'mfestig.amrs,“‘ 2) An attespt will
be mad2 to measure tewperature rise due to the wave passage. Tentative
-plans call for use of thermncouplies embedded in the material for this
messuresent. While the rise time of the thermocouple 1s anticipated to de
too long for instantaneous eeasurements, the heat conductivity of the
materials fnwolved is small encugh that some idea of instantaneous results
will be gained. | |

The facility is now in the check-out stage.
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3.0 THEORETICAL STUDIES ]
3.1 The Gemeral Problem

The solution to & general problem in material behavisr consists of a
set 5f “functions” satisfying the following equations:

Y

1. conservation of mass

5+oﬁi.i=0 | (1)

2. conservation of momentum

cm@j = p!,l1 : . (2)
3. cons rvation of energy

C‘!J élpj - Qi *q =pé » | (3)

4

and initial and boundary conditions. In the above equations the superposed
dot indicates the time derivative (material derivative), and the subscripts
denote spacial derivatives.* These egquaticns introduce a number of functions;
density -, displacement vector components Uy stress tensor components “%j’
internal energy e, temperature T, and heat flux vector compunents PR Addi-
tionally, there may be applied body forces in (2) and internal heat supply
in (3). Inspectior of (1), 12), and {3) indicates tnat the number of
independent equations is only 5, while there are 15 unknown functions. This
discrepancy is rectified by constitutive laws--relations which identify the
material behavior.

Constitutive laws fall intc three types: (1) stress-strain ‘aws: {(2)
heat flow laws; and (3) equations of state. The stress-strain laws ere
of the form

5y * F{ ). {4)
The heat fiow laws are of the form
a4 = ). (5)

The equation of state has the form
e = H( - ——}. {6)

¥R rectangular cartesian reference syster is used so that distinction
between covariant and contirovariant derivatives i3 unnecessary.
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The notstion (~————}indicates that the arguments a-e the relevant

quaniittes 1n each cese, There are then 10 additional equations to make
the sy&ﬁa?vugijwdatérminedQ For the mament the forms of {(4)--(6) remain
uispeciflad, ‘

The sﬁiatféas of classical elasticity are concerned only with (2} in
2 Vinearized form. The only relevant constitutive law is {4), in the usual
notation

' Vg T Mgy Y te (“i.j + um). (7}
The classical heat conductior probiem uses only (3}, (5) and {6). In (3)
the statement i3 mad. -hat heat flow goes into an incraase in internal
energy and mechanical work is neglected; in (6) the internal energy is made
only a function of {emperature; and for {5) we have the well-known Fourier
Taw '
% ""g.'i; ' (8)

Either of these problems in indenendent of the other. In both cases volumin-
sus ifteratyre is available. The further complication that is not unfamiliar
is the partially coupled theory. In this case the heat conduction problem
is unchanged but .ne stress is allowed to depend on temperature as in the
1inear th iy where the additional term (-3 aK(T-To)Gij) appears on the
right 1and side of (7), k being the bulk modulus, o the coefficient of
exna:sion, anc To a reference temperature at which the body s unstressed.
The temperature problem can then be solved independently, and appiied as
an inpul to the stress problem.

The above restrictive cases have in common the feature that internal
energy 1s either neglected or only a function of temperature. When the
fully coupled nroblem is cosidered, one must admit that {4), (5), and (6)
can, in genersl, all involve the independent variables Uys t, and derivatives
of these quantities. In fact, the whole history of thc independent variabies
mey be ne.ossary to yield the instantan~ous values of o4 Qi’ and e. Now
the yeneral problem is fer more complex, both qualitatively and quantitatively,
“=chanical disturva..es cause thermal disturbances, and vice versa. It is
nrot only difficuit to solve these problems exactly, it is also difficult to
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be sure what this sort of coupling means in any but sirple probless. The
most critical difficulty, howaver, iies in the area of estzbiishing equations
(4)--{5}. In particutar, (4) and (6) are open to mucq speculation. '
Probably the most pertinent work is that of Colewan 3 4 the area of
thermoviscoelasticity. This is so because the irreversible effects of such
theorics could lead to temperature rises during the passage of waves.

Az a result of the considerations discussed above, some time has been
devotud to the study of coupled theories of thermoviscoelasticity. These

studies have led to the productian of two internal technical reportsﬁe* 5)

3.2 Constitutive Lawe .

In principle, the problem statad above is solvabie given the constitu-
tive Taws (4)--(6}. That is, it couid be done numerically, in a step-by-
step fashion, if in no other way. The constitutive iaws embody the
differences that are observed in response of various materiais to lozds,
and are consecuently the critical 1ink in the solution process. It is this
area that {s presentiy under study by many investigators. As a guide to
constructing constitutive laws, certain principles shouid be observed:

1. Equipresence: If in {4)--(6) a certain
independent variable appears as the argument
in ore equation, 1t should be assumed pre-
sent in all until otherwise demonstrated.

2. Material indifference: the material behavior
{s independent of observer's ccordinate system
and thus all constitutive laws should be written
so that an arbitrary rigid rotation of the budy
does not change the law.

There are additional such requirements, but these are the oniy two
which need explicit mention in our present context. Another guide in
formulating constitutive laws is the Second Law of Thermodynamics--the rate
of entropy production is greater than or equal t. zers, never negative.
This law is regarded as a restriction on any constitutive relation for any
admissible process. With such requirements as these, a rational study of
constitutive laws is possible.

For the present purpose the validity of the usual Fourier Law of heat
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§¥§badué§1an is accs#ted.‘~Snch»acceptance, however, s not necessary. For
 example, reference (6) discusses the classical Taw as a first-order
- appréximation to a more general law. Reference {3) adwits a history depen-
dence of the heat flux on strain and temperature. It is of some interest to
st&éénthe haqt flow phenomenon for the foildwing reason: 1if, in fact, the
diffusion type equation 15 replaced by, e.g., a wave equaiion, then heat
fiow 1s no Tonger an instantaneous effect.
~ References {5, 7, 8, 9) discuss the general problem of coupled thermo-
viscﬂbidSticity‘ The approach used in (7) is to define a non-equilibrium
therzodynamtcs. Tha material law used there is one in which equilibrium is
characterized by a hydrodynamic law and no shear stresses are developed
at equilibrium. For non-equilibrium processes, shear stress can be develop-
ed so that a solid-1ike behavior is observed. 3Such a constitutive law is
essentially a fluid theory, and is not desired for the present study.
Coleman (3) has studies constitutive laws in materials with fading
mesory.* e assumes that the stress, internal energy, and heat flux are
functionals of the history of the deformation gradient ("strain®), and
tesperature, and of the present value of grad T. To be consistent with the
Second Law of Thermodynamics, it 1s then necessary that the dependence on
grad T vanish from the stress and internal energy. Thus, the constitutive
laws for stress and internal energy can be written

8 = F [F{t-s), T(t-s)]
5=0 ;
(9)

e = E [F(t-s), T(t-s)] .
s=0
In (9) & and F are the stress and displacement gradient tensors, and the

notation F, e indicates the dependence of 5 and E on all values of
s=0 s=0
the arguments for -= < v ¢ t. This result is of interest in the formula-

tion of constitutive laws as it indicates the varfables of primary concern.

e
Such materials are characterized by the notion that disturbances in
the near past produce greater responses than disturbances in the farther

past.

s




Christensen and Haghdiig) and LianisC%) pave pursied the above
guestion further, Haking use of a further resuit of Coleman's. (Chris-
tensen and Naghdi actually rederive that result from first principles.)
Coleman has also shown that 1f the free enargy is written as a func-
tional of F and T, then the stress and entropy functionals are deriv-
able from the free energy by a process of differentiztion. On the
other hand, 1f the entropy is written as a functional of Z and ?, then
the stress and tamperature are derivable as functionais of £ and ?.

Christensen and Kaghdi explore the Tinear coupled theory in terws
of a simple integral form for the free energy, which leads to the
results for stress and entropy

t aey, t 2T =
oij = Dij +-£ G”kt(t-‘r,ﬂ) _a-‘;"" dT '-.j; ¢ij(0.t‘f) 'a";' dt (10) ’t

oS = 2(0) + f 4(t7,0) --i dr + ; mlt-r,0) L g (1)

In (10) and (11) €4 is the usual infinitesimal strain, s the specific
entropy, and the other quantities material constants and functions.
Lianis starts directly from Coleman's work and assumes a form for
the free energy. This particular form attempts to incorporate the
notion of "“thermorheologically simple" materiaissjo) into & single
integral expression. The expiicit representation for the free energy, ¥
v, is 18

veft {?(t-s) - (), ] bT(t) - T, 5
0

0

. (12) ?;’
F(t), (T(t)-To)} bLT(t-s) - T Jds . :

In (12)13 1s a function, possibly non-linear, of the arguments shown,
and the function b(T-To) is the so-called shift function familiar to
the area of polymers. This particular representation has iwo virtues
that immedfately present themselves:
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1. The intagral is a2 single one, avoiding the
unwieidly sultiple-integral representation
of nonlinear viscselasticity. The nonlin-
esrity 1s exprassed by the nature of t’, an
ordinary function.
2. The inclusion of the thermorhedlogical simple
chavacter of many polymers (an experimental
fact) 1s appealing.
By the application of the rules whereby constitutive laws are formulated,
the general expression 15 put into an explicit form consistent with iso-
tropy, material {ndifference, etc. This form s given in (9).

3.3 Study Under Themie

The approaches by Christensen and Naghdi, and by Lianis, have got-
ten more to the heart of the problem than any other in that an attempt
has bzen made to display the constitutive law in detail. It would con-
ceivably be possible to measure the functions required. However, it
appears that there stii] remains a better formulation for computational
purposes.

We proceed from the assumptfon that any solution to the fully
coupled problems 1s almost surely going to be numerical. In particular,
it will be & straightforward finite-difference, step-forward-in-time,
solution. Consideration of techniques of this type shows the following
sequence of steps:

1. Given all the stresses at a particular time to’
solve equation (2) for the accelerations.

2. From accelerations determine the new positions
of points, as well as strains, etc., at t, + at.

3. sive.n the stresses, etc., at the time tye solve
for & from (3), and thus get the values at
t, + at.

4. From the constitutive laws (4)--(6) determine
au. qq» T at to + At.

f-8




In step 4 it 1s obvious 'that it would be far moie desirable to have 7
as a functionai of, say, F and _E, than other varfables. This is true
because we then derive T from F td E directly rather than inverting
an integral law of possibly very complex nature. It is, in fact,
possible to rationally reach such a representatior. This representa-
tion 1s the subject of (4) and (5).

Taking an expression for the entropy in terms of integreis over
the history of strain, ¢,,, and interral energy Z, it 13 possible to
deriva, as done 1n (4), following the ideas of (8), the f-llowing.
sxpressions for the stress and for the tesperature

-3 t '] t ]
..O.F. --£ 62(:"{) ‘—:é‘id‘t + 611[.{ Gl(t"l’) 2

t 1
+ [ ¢(0,t-x) -:-:-dt] . (13)

%- ‘!’L + o(t-r 0) K ge + f n(t-r) . (14)
0 -

The functions Gy, 6, ¢, and m appearing in {13} and (14) are material
properties. In & fashion zir'lar to that of Lianis, the entropy func-
tional can be expressed in terms of a linear fntegral of a nonlinear
function of the quantities F and E. This yields, as shown in (5),
expressions similar to (13) and (i4), tn which the arguments of the |
single integral cre various derivatives of the original nonlinear fumc-
tion. It 1s not perticularly relevant to display the result obtained
here, since 1t is rezsonably complex, and certainly not sugmtwe
any particular interprotation.

At present, investigation of the mnim of these ﬂtlrnatas is
being carried on.




4.0 MNUMERICAL STUDIES

While the orfginal thought was to adopt some two-dimensional com-
puter program to the present purpose, such ideas have been discarded.
The effects of boundaries are significant quantitatively as well as
qualitatively in wave propagation problems, but at least the qualita-
tive effects can be inferred. The quantitative effects are rather
hard to achieve. In this case the use of two-dimensional computer
programs goes beyond the available level of support due to the time-
consuming nature of such calculations. As an alternative, the one-
dimensions] wave propagation program HONDY.(") has been adapted for )
use at Utah. The following description of the program is taken from 4
reference (11). .

WONDY is a versatile FORTRAN code for computing
wave propagation in one dimension in rectangular,
cylindrical or spherical coordinates. The code
is based on conventional finite difference analogs
"~ to tie Lagrangian equations of motion and is
similar in many respects to other such codes.

Considerable effert has been expanded to produce
a very flexible code. Routines for equations of
‘state or constitutive relations, special boundary
routines, radiation energy addition, as well as
the initializing routine are written as self-

- contained subroutires, and new routines are easily
written to cover problems not handled by the
original set. In this way most problems of motion
n one dimension may be handled without difficulty.

inclusion of internal energy in the program allows the smdy of
tmntnre rise for assumd equiations of state.
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5.0 PRESENT STUDIES

At present the possible upper bound on temperature rise in shock
processes 1s being studied. A variety of elementary mechanisms under
consideration in order to obtain order-of-magnitude quantities. These

mechanisms include viscous effects, 1.e. the temperature rise behind 2
shock in a Maxwell material, and micro-mechanisms such as bubble col-

Japse and solid inclusions. These simple analyses are intended to
put the various mechznisms into three categories as far as their
ability to produce detonation: {impossible, marginal, and likely.
While the idea of Task VI was that viscous effects are responsible
in a large part, it seems wise to deduce a quantitative limit, in
order that redirection of Task VI might occur if warranted.
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‘MW of :hu progrss, which is integrated with our scademic objectives, ie *
~ 4e—studyitha interdepend.nce of combustion processas and the physics-mechanical
behav.or of solid fuel matarials within ths context of & rocket engine system,

Iz So-$ocemded-so capitalize upon & quantitative understanding of molecular structure
which affocts both the combustioo end mechanics behavior, aod treat: the propellant
fuel and assoclated inart components as a materfials system--from processing, to s
deternination of the constitutive equation 88 vesded to assess etructural integrity,
and failure under various envircumeatal and loading conditious. <Concuxzaatlys, the
tasks are concerued with propellant ss aun esergy source--from {gniticn, through
berning, pes dyommics, inreracticn with nozzle and insulation components, and ;
: consideration of electron nolse snd rades attenuation in the plume. Six task aress C
_ars presantly anvisicned, esch of wiicir ie wader the diyectiom of 2 Princtpel
Investtgusans, The six areas include: (1) Combustion and Traasport Nechanisms -
{(2) Now and Meat Transfer) (3) Ablstion Mechaniems;(4) Rsdistion Attecuation aad L
Flasme Physics: (5) Mechanics of folids (6) TIrsnsiticn to Detonstion Mechanisms. -
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